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ABSTRACT 


The reactions of [Rh2Cl2(u-CO)(DPM)2)] (DPM = 
PhoPCH2PPh2) with the isothiocyanate molecules RC(O)NCS 
(R = EtO, Ph) yield the complexes [Rh 2C1l2(u-CO) (u-SCNC(O)R)- 
(DPM)5], in which the metals are bridged by the carbonyl 
ligand and the isothiocyanate molecule with no accompanying 
mete lonetal bond.) [hewcanbony lh) ‘Group of the “isothiocyanate 
ivgand 1s >also coordinated to one of the Rh centers. In 
solution each of these species 1S in equilibrium with an 
isomeric form having a terminal carbonyl ligand and a Rh=Rh 
pond. [RhoI9(CO) (u-SCNC (O)OEt ) (DPM) 2] can be prepared from 
[RhoI9(u-CO)(DPM),] but only exists as the Rh-Rh bonded 
Loomer. [RS Cl> (i=CO}(t-=SCNC(O)ORL) (DPN )>) reacts with one 
equivalent of CO to give [Rh9Cly (CO) (u-CcO) (u- 
SCNC(O)OEt)(DPM)5] and reacts with additional CO to give 
[Rhp(CO)2(u-C1) (u-CO)(CPM)g] [C1]. The benzoylisothiocyanate 
analogue also reacts with CO but only the above tricarbony1 
species, resulting from isothiocyanate displacement, is 
observed. Both isothiocyanate adducts react with MeNC to 
give [RhjC15(CNMe) (u-CO) (SCNC(0)R) (DPM) 9]. The Bweacti1ons. OF 
[RhyCl9(u-CO) (DPM) 9] with PhNCS and MeNCS yield a variety of 
products of which the only species identified are 
[RhyCl59(CO)(CNR)(DPM) 2] (R = Ph, Me). [RhgC1l9(u-CO)- 


(i= SCNE UO) ORT) (DPM)ml erneacts with Wsothlocvanates and) C55, to 
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yield [RhjC1 (CO) (u-SCNC(S)N(R)C(O)OEt)(DPM)9] (R = Me, Ph, 
C( CORT C(O) Ph) and IRn Clo Co)(il-SCNC(S) S(O) 0be) (DPM) > 17 
respectively, and an X-ray structure determination of one 
product (R¥= Ph) indicates that condensation of the 
isothiocyanate molecules has occurred with C-N bond 
formation, accompanied by migration of the C(O)OEt moiety to 
the nitrogen atom of the PhNCS group. The unusual 
tridentate ligand which results can be viewed as a new 
TSOLNLOCVanate  qroup,, RNCS,. with R = C(SIN(Ph)C(O)OBe. ) This 
group bridges the metals, bound to one via the sulfur and to 
Ene -OLner via che «carbon vor Ehe isothiocyanate group, and is 
additionally coordinated to one metal center by the 
thiocarbonyl moiety. 

Oxidative addition of SC(C1)NMe, to [RhoC19(u-Co)- 
(DPN)9] yields [RhjC13(CO)(SCNMez)(DPM) 9] or, in the 
presence of BF, , [Rh9C1l9(CO)(SCNMe>)(DPM)5][BF4]. An X-ray 
Structure determination of the latter compound shows that 
the SCNMe5 moiety is bound in an ne fashion to one metal 
center. The BF, salt reacts with Me3NO, resulting in 
carbonyl Jioss and the formation of 
[Rho Clo (W-—SCNMe>) (DPM )5 VIBE al in which the SCNMe5 moiety 
beidges the metals.) This sreaction 1s "readily “reversed by 
acaleton of CO; react ron with, ECNMe produces 
[RhyCl9(CNMe) (SCNMez)(DPM)9) [BF4g]. Reduction of 


[RhjC1>(CO)(SCNMe7) (DPM) 2) [BF4] with BH4 yields the very 
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alr sensitive compounds [Rhy (CO) (Solvent ) (u-SCNMe9 )- 


(DPM) 9] [BFy] (Solvent = INE on acetonitrile), which an tucn 


react with CO to form the more stable [Rh5(CO)5(u-SCNMe> )— 


(DPM) 7] [BFq4]- 
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CHAPTER ONE 


INTRODUCTION 


Inorganic chemistry was, for many years, concerned 
mainly with the study of compounds containing a single metal 


centre.2 


However, recently there has been increasing 
interest paid to species containing more than one metal 
centre, in which the metals are held together by bridging 
ligands, metal-metal bonds, or both.4712 much of the 
initial interest in these polynuclear compounds was devoted 
to the selucidation of their structural, bonding “and 
electronic properties. 27 / There is now, however, a growing 
recognition that the Teactivity patterns associated with 
polynuclear compounds will provide a rich and fruitful area 
of research. 8-12 

Two of the most important aspects of polynuclear metal 
Chemistry concern the coordination and the reactivity of 
ligands which are simultaneously bound to more than one 
metal centre.!3-14 In both cases, chemistry without 
precedent in mononuclear systems can be observed. 

Im conplexes containing a single metal centre, ligands 


are generally constrained to one of a small number of 


bonding modes. However, in polynuclear species ligands 
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which are capable of interacting simultaneously with more 
than one metal have a much wider variety of bonding options 
available to them. This is possibly best illustrated by the 
coordination modes available to small molecules such as 
carbon monoxide in the presence of more than one metal 


center, 15-16 


In mononuclear species, CO binds to metals 
exclusively in a linear fashion through the carbon atom, but 
in polynuclear species, many more coordination modes are 
observed, some of which are listed in Table 1. The effects 
that the differing coordination modes have on the electronic 
distribution within the ligand are reflected by the carbonyl 
Stretching frequencies observed for the various modes (see 
Table 1). It is not unreasonable to expect that the various 
electron distributions within coordinated Iigands should 
give rise to different reactivities, therefore the 
cooperative action of two or more metals on a substrate 
molecule might be expected to result in reactivity patterns 
not observed in mononuclear complexes. 

The possible effects of two or more metal centers, 
which are in close proximity to one another, on the 
chemistry observed is note lmmited to the cooperative 
activation of substrate molecules. One can envision the 
Dessibiulity oOL Coordination OF SUDStrates; ones at Gach of 
two adjacent metal centers, allowing the movement of these 


substrates together for some specific interaction,’ for 
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Table 1. Observed Coordination Modes of the Carbonyl 
Drgand. 
Mode Example v(CO) Ref 
em=2 
terminal *—CO trans-{RnC1(CO)(PPh3) 2) 1980 17 
° 
symmetric-v2 uN (Fez (CO) ¢(v-CO) (DPM) ) 1770 18 
hs 
ie) 
Cc 
asymmetric-u5 ( ‘ (Rh (CO) (u-CO) (PPh3)2) 2 1740 19 
2 
/* 
semibridging-u2 ‘ (Fez (CO)¢(¥-CO) (PhCCPh )]) 1840 20 
fe) 
en 
Linear-vo * (las IMn2(CO)4(u-CO) (DPM )2) 1645 21 
oO 
ee 1700 22 
ketonic- {RhoClo(u-CO)- 
¥2 “ Ny are 
(u-CF3CCCF3) (DPM) 2) 
oO 
VAS 
triply- roe (Cog (CO), 4) 47 1660 23 
ee 
bridging 
uadruply- on? [Fegh(CO))3)7 1723 24 
q ply fea Se 4 13) 
bridging eZ 
isocarbony]) &—-CO—m [(Cp*)2(THR)YbOCCo(CO)3) 176) 25 
” 
bridging = (CpFe (CO) (y-COA1Et3)) 2 1682 26 
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28 Furthermore, 


example, a ligand coupling reaction. 
polynuclear species also have the capability of 
redistributing their ligands "by migration from one ‘centre “to 
another thereby creating a vacant coordinatvon site On a 


particular metal centre. 79730 


For mononuclear species, 
ligand dissociation is required for generation of a vacant 
coordination site, a process which should be more difficult 
than the ligand rearrangement of the polynuclear species. 

The cooperative action of metals on, and the consequent 
potentially novel reactivity of, ligands in polynuclear 
complexes has led to a great deal of activity investigating 
the use of such species as catalysts for organic and 


Inorganic reactions. 3 


In =particwilar, bt is “hoped that the 
new reaction pathways open to ligands will lead to the 
development of processes which are either improvements on 
known mononuclear catalytic reactions or which provide new, 
useful transformations of substrates into desirable products 
that are not possible in mononuclear systems. A number of 


reactions have, in fact, been Eound to be catalyzed by 


polynculear species. Examples include the 


33 34 


isomerization,22" 33 hydrogenation and hydroformylation 


GF Olefins, Fishner—lropsen chemistry,°> and the Water Gas 
Shift reaction. 26/3? 


Polynuclear complexes have relevance in two other 


fields Of catalysis research. Studies have been undertaken 
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pEODing the relationship between metal clusters (polynuclar 
metal compounds held together by metal-metal bonds) and 


metal surfaces, 38 


in the hope that these cluster species may 
provide a link between heterogenous and homogenous catalytic 
processes. Polynuclear metal chemistry also has relevance 
an the Study -otsmany? metal—containing,. biologically) active 
enzymes and proteins. for example, attempts to mimic the 
action of the iron- and molybdenum-containing enzyme 
nitrogenase, 29 which reduces N5> to NH3, have centerd on the 
preparation of complexes having similar metal-ligand 
arrangements to that proposed for the active site of the 
enzyme. 7° 

In order to utilize polynuclear metal complexes to the 
fullest extent, a thorough knowledge of the basic chemistry 
of these species must be obtained. To this end, studies 
have been undertaken of the reactions of well defined 
polynuclear systems in order to determine trends in the 
bonding modes and reactivities of various ligands. A 
convenient choice for such studies are binuclear complexes, 
containing two metal centers;7? these are the Simplest 
pessibley polynuclear vsystems, but still, revain™ the 
possibility of metal cooperativity in the bonding and 
reactions of the ligands. The binuclear complexes usually 
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variety of bridging groups have been utilized, binding 
together a large assortment of metal fragments so the scope 
for diverse reactivity is large. However, the metal 
fragments are often closely related to well-studied 
mononuclear species thereby allowing the direct comparison 
of the chemistry of the binuclear and mononuclear systems. 7° 
One such system is based on the compound trans- 
[RhyCly(CO) (DPM) >] Clee the, seructure 41 Gf which is 
diagrammed below. This compound can be considered as two 
units of the mononuclear species trans-[RhC1(CO) (PPh3)9] 7“ 
in a face-to-face arrangement, in which the trans 
triphenylphosphine ligands of the monomers have been 
replaced by the closely related bridging diphosphine ligand 
Ph»PCH PPh9 (DPM). “The close structural similarities of the 
mononuclear and binuclear species as well as the known 
chemistry of the former suggest an interesting chemistry for 
the binuclear analogue 1. Reactions of trans- 
[RhC1 (CO) (PPh3) 5] have been studied for a number of reasons; 
not only is it a Synthetic precursor in the preparation of 
the amportant hydroftormylation catalyst [RhH(CO)(PPh3)31],7° 
but it is also closely related to two species which display 
a tremendous scope of reactivity with small molecules, 
namely [RhC1(PPh3)3] and [IrC1(CO)(PPh3)9], known commonly 
as Wilkinson's compound and Vaska's compound, 


respectively. The former is a much studied catalyst for a 
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variety of reactions including the hydrogenation of olefins 
and the decarbonylation of aldehydes and acyl chlorides, “4 
and the latter has yielded much valuable information 
regarding small molecule coordination and activation by 
metal complexes. 4° 
Although in the binuclear complex 1 the metal centres 
are in close proximity, the important coordination site 
between tnesmetals #1s not vreadily accessible, precluding 
Simultaneous substrate activation by both metals unless 
substantial ligand movement occurs; only the vacant sites on 
the "outside" of the molecule are available to ligands. 
Nevertheless 1 has been found to display an extensive 


46,47 so, 48 


chemistry with small molecules such as CS5, and 


22 In order to make the coordination sites 


acetylenes. 
between the metals more accessible to substrate molecules, 1l 
can be converted, by removal of a ligand, into species in 
which the two Square planes of the rhodium coordination 
spheres share a corner. These are the so-called A-frame 
species, named because of the resemblance of their inner 
coordination spheres, viewed parallel to the metal-phosphine 
plane, co the letter aA.49 Two A-frame species which can be 
formed hy ligand removal from 1] are shown below. Chloride 
abstraction trom l-yields the dicarbony? cation, 

[Rhy (CO)5(u-C1) (DPM) 2)”, (2),2% and carbonyl removal from 1 


yields the neutral monocarbonyl species, 


[RhyCl5(y-CO) (DPM) 9] (3).41 
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Both 2 and 3 are coordinatively unsaturated, having 16 
electron configurations at each metal as well as vacant and 
accessible coordination sites between the metals. The 
monocarbonyl species 3 has been found to be much more 
reactive than either 1 ore2, due In=part to) the presence of 
its metal-metal bond. Whereas reaction of 2 with a two- 
electron donor Such as €O Occurs With, Concomitant Lormation 
of a metal-metal bond giving both metals 18 electron 


51 Similar reactions of 3 result in Rh-Rh 


configurations, 
bond cleavage, leaving the metals with 16 electron 


configurations and still able to undergo further reaction. 
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A variety of reactions of 3 involving Rh-Rh bond 
reactivity has therefore been observed. For example, the 
activated actylenes RCCR (R = CF37 CO5Me) insert into the 
metal-metal bond, yielding [Rh5C15(u-CO) (w-RCCR) (DPM) 9], 77 
in which the acetylenes are bound as cis-dimetallated 
olefins parallel to the metal-metal vector. The carbonyl 
ligand of these species can be removed to give the new 
acetylene-bridged A-frame species [R515 (M=ReER) (DEM) 517 >= 
which are related to 3, and undergo further interesting 
reactions.“ Reaction of 3 with the acids HX (X = Cle, 
BEyany peCH3Ceuaso. ©) also oceurs, leading to protonation of 
the metal-metal bond and accompanying coordination of the 
acid anion at one of the metals. °° 

im addition, CS, reacts with 3, eventually yvelding 
[Ri5C1>(CO)( C554) (DPM) 5) an vwhich the unusual C55, mo1ety 
has resulted from the condensation of two €5>5 units. 46747 
The first Step in this reaction 1s most Jiukely reaction of 
CS» at the metal-metal bond as observed for the above 
reactions of acetylenes and HX. Although examples of 
reactivity at the metal-metal bond in 3 have been 
documented, the factors which favour the involvement of both 
metal centres, rather than ligand coordination solely at one 
of the terminal Sites remote from the bradging position, are 


now well understood. Eustnermore,. the wecurrent anterest. in 


the activation of molecules which are related to carbon 
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dioxide, and the previous work done within these 
laboratories on the chemistry of CS5 with compound 3 
suggested tial a fruittul study would: involve the chempstry 
of some other sulfur containing species, related to CSo, 

Wi cheicompound (3. 

The aims of the studies described in this thesis are, 
therefore, twofold: to study the chemistry of compound 3 
with some sulfur containing ligands, and to interpret the 
results of these studies in terms of the relevance to 


possible catalytic processes. 
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CHAPTER TWO 
ISOTHIOCYANATE ACTIVATION BY TWO METAL CENTERS. 
Introduction 


The current need to develop alternative sources of 
hydrocarbons has provided an incentive for recent studies of 
the catalyzed reduction of carbon monoxide and carbon 
dioxide.°4"°> of these two potential Cy sources, the former 
has attracted by far the more interest, having been 
succesfully used, for example, in the Fischer-Tropsch 


Toe However, the major source 


synthesis since World War I 
Gf CO *ror thes freaction is coal; an already depleted and 
non-renewable resource. Carbon dioxide, on the other hand, 
is a largely untapped carbon source; it is readily available 
Brom Vast Geposits Gl carbonate rocks and =as ai end product 
Of the “combustion of organic matter. Therefore, the 
Possibility Gf its conversions into hydrocarbons or other 
Organic compounds is of obvious importance, since such 
transformations woulda not involve the usevor conventional 
CalLbon Sources. 


In order to make use of CO> as a source of ‘carbon for 


C, chemistry, methods must be found to activate at 
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catalytically, Since it is a rather unreactive molecule. 

whe carbon atom of CO, is "essentially electrophilic” and! the 
chemical” exploitation of £his resource require: al supply of 
energy, Usually im thewtorm of electrons. 24'°> One approach 
to the problem that has been utilized by organometallic 
enemists, is to attempt to activate CO5 to reaction by 
GOOLrdIimMating 1t sto a metal center.24/°° tt is, therefore, 
important to obtain a thorough understanding of the 
coordination modes COy in metal complexes and the reactions 
it can subsequently undergo. 

Due to the general lack of reactivity of CO», few metal 
complexes of this molecule have been isolated. >/7>? 
Studies, instead, have tended to concentrate on the closely 
related heteroallenes (X=C=Y; X, Y = O, S, NR, CR) which, 
because of their greater reactivities with transition metal 
complexes, serve as useful model systems from which we can 
obtain information regarding the coordination modes and 
reactions of CO9 itself.°> The hope is that these studies 
will ultimately yield clues leading to the possible 
utilization Of CO> in userul ‘catalytic reactions. 

The chemistry -ot the heterocallenes; ancluding CO, is 
also of interest for reasons other than that described 
above. These molecules are capable of heing incorporated 
into organic substrates yielding products containing the 


heteroatoms of the respective heteroallene molecules. Such 
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reactions are typically metal-catalyzed and include the 
preparation of ethylene carbonate from ethylene oxide and 


CO5, catalyzed by [Ni (CO) 9 (PCy3)5],°" 


and the preparation of 
HR OCCHOT(R =i Ph) fromevhe reaction. of Rj7CCO with 
[Moy (C5Hy4CH3)9(u-S)9(u-S9CH2)] followed by 


hydrogenation. © 


Other examples have also been 
reported. 60,62-64 Heteroallenes also display a wealth of 
interesting chemistry with transition metals in which many 
coordination modes and subsequent transformations are 
observed, some of which are described below. 

One group of heteroallenes are the organic 
isothiocyanates (RN=C=S). These molecules have been found 
to undergo three distinct types of reaction with metal 


complexes. | Pirst; thesmotecules can bind to a metal via the 


carbon-sulfur double bond, forming a three membered M-C-S 


Serie 2 


metallocycle. This coordination mode, termed n“ or 7 
(see (I) below), although quite common for CS5, is somewhat 
rarer for isothiocyanates and it is only recently that the 
first structure of a compound showing this bonding mode was 
reported. /4 Isothiocyanates may also undergo condensation 
reactions in which two,®8-80-83 or in one case, three 
molecules®8 are fused together and attached to the metals. 


Example II shows the structure of the more common product 


involving two isothiocyanate units. 
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Most commonly, however, only the degradation products of 


isothiocyanates are observed in the final products. In the 
presence of a sulfur abstracting compound such as a 


phosphine, metal isocyanides and the corresponding sulfide 


are obtained®2-89 (Equation 1), or in the presence of excess 
~sOothrocyanate, a disproportionation reaction, yielding an 


isocyanide and a dithiocarbonimidato group, can occur 


(Equation 2), 697/9,71,81,90-95 


SCNR 
ML. - L,M—CNR + XS (1) 
NR 
ae 
2 SCNR 
ML, L,M—s (2) 


The disproportionation reaction can be readily envisaged as 
proceeding via a condensed species such as II above by C-S 


cleavage and M-S bond formation, and may result in products 
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in which the isocyanide and dithiocarbonimidato ligands 
remain coordinated to the same metal, 0°70, 71,82 OF Products 
in which only one remains coordinated, /9+71,82,91-95 

All these coordination and reactivity modes have been 
observed for both COy and the other heteroallenes in their 
reactions with metal complexes, 267111 Supporting the 
contention that heteroallenes such as isothiocyanates can 
function as useful models for the reaction of CO itself. 

Although several studies involving isothiocyanate 
activation by mononuclear complexes have been reported, few 
such reports pertaining to reactions with binuclear metal 
systems have appeared, 86 in Order to* determine the ertfects 
on isothiocyanate molecules by the action of two metal 
centres, an investigation of the reactions involving 
[RhpxXo(-CO)}"( DPM) >] (X = Cl, I) was undertaken in the hope 
that the results of the study would widen our knowledge of 


the chemistry of isothiocyanates and, thus, CO, itself. 


Experimental Section 


All solvents were appropriately dried and degassed 
prior to use under an atmosphere of dinitrogen and reactions 
were routinely Carried out Under Schlenk conditions 
utilizing a dinitrogen atmosphere. 


Bis(diphenylphosphino)methane (DPM) was purchased from Strem 
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Chemicals; hydrated rhodium trichloride from Research 
Organic/Inorganic Chemicals, methyl, phenyl-, and 
ethoxycarbonylisothiocyanate from Aldrich and 
benzoylisothiocyanate from ICN Pharmaceuticals. These and 
all other reagent grade chemicals were used as received. 
[RhjClo(u-CO)(DPM)5] (1),4+ [Rho15(y-Co)(DPM)5) (2)%% and 
cnMe!12 were prepared by the reported procedures. Infrared 
spectra were recorded on a Nicolet 7199 spectrometer with 
NSeRORENU Ol murbis=on KBr plates, KBrdiscs, or in Solution 
in KBr cells. tn, 3!p{1H}} ana 13c¢3!pf4H}} Nor spectra 
were recorded on Bruker WP200, WP400 (at 161.93 MHz) and 
HFX-90 (at 22.6 MHz) instruments, respectively, unless 
otherwise noted. The phosphorus chemical shifts were 
Measumederelarive ComexcermnaleH.PO, whereas those for 
hydrogen and carbon are reported relative to 
tetramethylsilane. An internal deuterium lock (usually 
CD5Cl>5) was used for all samples. Pom aiivenuclei,, poswerve 
shifts are downfield from the standards. Elemental analyses 
were performed within the department or by Canadian 
Microanalytical Service Ltd., Vancouver, Canada. 
Conductivity measurements were performed using a Yellow 
Springs Instrument Model 31 "and-using approximately 1 =x 1073 
M solutions in CHjCl5. No conductivity was observed for any 


of the samples described in this Chapter. 
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Preparation of Compounds 


Cis) [RhyC1lo(u-CO) (y-SCNC (0 )OEt ) (DPM) 5] GS) ice SOUR Ma Of 
compound 1] (0.466 mmol) was dissolved in 4 mL of CHoCl5 and 
ethoxycarbonylisothiocyanate (56 uL, 0.475 mmol) was added 
fromya “syringe causing the color of the solutiom to vchange 
to deep’ red; soon after which a light brown precipitate was 
deposited. “The reaction mixture was stirred for 10 min; 
whereupon 5 mL of diethyl ether was added to complete 
DEeciprtacion. | ©he mroduce was) isolated by £1 ltration, 
washed repeatedly with ether to remove traces of 


[Rh5e1 (CO) (i=sCNnc(S )N(C(O)ORE) >) (DPM) 5] (vider intra), and 


dried in vacuo. This product and all other solids described 


in this paper are air stable and were routinely handled in 
air. “Sopectral "and physical data for all new? compounds “are 
given in Tables 2 and 3. Yield, 79%. 

Analysis. Calculated for CosHaggCloNO3Pq4Rh 9S: S, eit mmsnce dle br 


Aen wie bless Cl, 5549S ee HOUNGs CG, 854.27 tl, -45.475 Ny 


(ii) [Rh5Cl5(v-CO) (y-SCNC(0O)Ph)(DPM)9] (4): Compound 
waS prepared in a manner analogous to that Of 93,, bot rus ing 
500 mg of compound 1 and 65 wL of PhC(O)NCS (0.505 mmol). 
The tan solid isolated was washed with ether and dried in 
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Table 3. NMR Spectral Details for the Compounds 


Described in Chapter Two 


1 
Compound "H. 6 ppm 3c Mew) espn Yen-ce ? 37h. "Hy .6,ppm Uancest 
3 2-64(q,2H), 0-70 (t.3H)?*? 199-O{br) 12-0(br) 
4-14(m,2H), 3-21 (m,2H)° 
4 4:14(m,2H), 3-29 (m,2H)° 197-6(br) 11-6(br) 
s 4.20(q,2H), 0-67 (t.3H)° 197.5(d) 64-8 6-6(m) 135-4 
4.90(m,2H), 4-65 (m,2H)° -0-6(m) 142.5 
A 228 -6(t) 45-0 8-6(m) 126-2 
: 191-5(d) 7041 5.3(m) 119-2 
s 3.43(0,2K), 0-67 (t,2H)° 232-0(¢) 23.9,33-1 ~ 18-5(m) 115-6 
4-55(m,2H), 2°62 (m,2H)° 6-0(m) 132-8 
3-19(s,3H)° 
5 4.50(m,2H), 2-65 (m,2H)° 234-8(d) 22.9,33-2  18-2(m) 118-3 
3-17(s,3K)° 6-0(m) 132-3 
12 4-30(q.2H), 3-89(2.2H), 1-33 (t.3H), 1-08 (t,3H)° 191-5(d) 70-4 8. 2(m) 99-1 
4.38(m,2H), 4-14 (m,2H)° 3-7(m) 92-6 
3 API. IRIE 191 -6(¢) 69.4 9.8(m) 107-0 
4.35(m,2H), 4-20(n,3H)° 3-3(m) 96-0 
2-€3(s,3H)® 
14 4-06(q,2H), 1-06(t.3H)° 191.5(d) 69-5 7-2(m) 107-8 
4.34(m,2H), 4-14(m,2H)° 2-0(m) 5.7 
15 &.30(q,2H), 0-88(t,3H)> 191 -1(d) 73.0 72(r) 99.3 
4-38(m,2H), 4-12(m,2H)° 3:3(m) 93-0 
16 4.34(a,2H), 1-34(t,3H)> 191-0(d) 71-8 7.7(m) 100-3 
4.40(m,2H), 4-14(m,2H)° 3.9(m) 93-2 


Footnotes 


(a) Abbreviations used: Q, quartet; t, triplet; m, multiplet, br, broad, 
d, doublet; dd, doublet of doublets. 


(b) Resonances attributable to the isothiocyanate ethy) group. 


(c) Resonances due to DPM methylene protons. 
(d) Resonances due to MeNC. 
(e) Resonance due to isothiocyanate methyl group. 
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Analysis.8 Calculated’ for CogHggC1lyNOoP4RhoS: CP Oot a> 


AO FEIN © leona Os. 1s Sys on Clee Ounces 0:Clr 56.59) (H,.-4 07 IN, 


(i111) [RhjI9(CO)(y-SCNC(O)OEt)(DPM)5] (5): Compound 2 
(100 mg, 0.080 mmol) was dissolved in 2 mL of CH Clo. 
AdGItren Of 9.5 whl of ELOG(O)}NCS (07081 Tino) “caused a 
change “in ‘color of the reaction to red-purple, from which a 
precipitate was obtained by addition of 10 mL of hexane. 
The red-purple solid was filtered, washed with hexane and 


Gried in vacuc. 


(iva) Rh Cl5 CONE Karo) (=SCNC(O)ORt) (DEM) i i(8)is5 e100 
mg of compound 3 (0.083 mmol) was suspended in 3 mL of 
CHoCl5 and 4.4 uwL of MeNC (0.08 mmol) was added by 
syringe. The solid dissolved giving a red solution. 
Addition of 10 mL of diethyl ether precipitated a yellow 
solid which was filtered, washed with ether and dried in 
vacuo. Vreld, 65%. 

Analysis. Calculated Lor Co7He ClONjO3PaRhoe: Gereo or Ue Ha 


Lae? ENA Die ROUSE nt Gp Od Our ,: “4ie4 tm Ny cielo. 


(v) [RhyC15(CNMe) (u-CO) (u-SCNC (O) Ph) (DPM) 9) Cone: 
Compound 9, as a yellow solid, was obtained as described for 
compound 8 except using 100 mg (0.081 mmol) of compound 4 


ande4.4 UL, of MENG (OZ06, mmol). Yield, 803%. 
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Ana byoue. = Calculated "Lor Calin oC WN On PyARhD SG: 6G, soy soy at; 


Senco eet OUNCds, “Coa soOmOcmeH pera cls N. 2u3e 


(vi) [Rh2Cl9(CO)(CNPh)(DPM)5] (10): Compound 1 (100 
mg, 0.083 mmol) was dissolved in 5 mL of CH»Clz- PANCS 
(12.6 uL, 0.105 mmol) was added via syringe and the 
resulting red =solutron was stirred for circa 2° hn. After 
Standing for -24) hy, a solid began to precipitate, which, 
after standing for several days, was collected by filtration 
and washed with ether. The yield of yellow solid was only 


Circa 20%. 


(vas) TRE CT> (CO) (i=SCNnc (SUN (C(O) OFt )i5){ DPM) 1 (12): 
Method (a). Compound 1 (100 mg, 0.093 mmol) was dissolved 
in 3 mb of CH5Ci>5 and EtOC(O)NCS (50 ub, 0.415 mmol) was 
added ‘by Syringe. The color of the solution changed to 
Orange immediately. Addition of 10 mL of h€xane 
precipitated a yellow-orange solid which was isolated by 
filtration, washed with hexane and dried in vacuo. Method 
(5) = Compound 3 (100 mg, 02083 mmol) was suspended in 3) mb 
ef CH5Gl> and EtOC(O)NCS (10 wl, 0.085 mmol) was added by 
syrimge. ihe solid dussolved! within a minute yielding a 
clear orange solution. Addition cr hexane precipitated 
compound 12 which was isolated as described above. Yield, 
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Analysis. Calculated for CogHs54gCloNo0cPy4RhoSo: (Cy Spee Hy 


Ait N pe ele top dis Oe EOUNGs Cy Ole leith. 4545 Ny nine Se 


CVi2 1.) [RhoC15 (CO) (u-SCNC(S)N(Me)C(O)OEt ) (DPM) 5) 

Gist “lo a suspension Of 3) (100 =mg, 0.083 mol) in 3 mL. cE 
CH5Cl5 was added MeNCS (0.3 mL, 4.4 mmol). The solid 
dissolved giving an orange solution, from which a solid was 
precipitated by addition of 10 mL of hexane. Yellow-orange 
samples of 13 were isolated by filtration, washed with 
hexane and dried im vacuo. Ysield, 75%. 

Analysis. Calculated for C5qH52C19N903P4Rh9S9: C, 55 O sates 


Aree NG as oni 6 EOuncic ae Cpe eee en yea cls EN Zeno. 


(xe Rh5el5 (CO) (=sCNG(S)XC(OORe) (DPM) Si C= Neh 
(14) NG(O) Ph (15)3 S (16)).> Orange “samples of ‘compounds 
14, 15 and 16 were prepared as described for 13 but reacting 
compound».3> (100mg, O20C3 mmol), with 0.2 mL of PANCS (i...67 
mnol), Phe (O)NCS (1.49 mmol) -or (CS (3.3 3mmol))7, 
respectively. Yields. 14, 85%; 15, 82%; 16, 90%. 
Analysis. (a) 24. “Calculaved for C62Hs54CloN203P4Rho59: a 
oO Medel Noo elem oysdsrOes SPOUNCS BG eons i, 24s 5s GIN, 
Deleon e Oc @ (11s) elo Ca Culabed. Lor 
C63H54ClaNpOqgP4Rh2S2: Gore 58 coe tl yt aes eum Ni meee eis: Galen oe eal 


We Gis  \etuhevel? Grates Won eke CUR Ci re Nip em ee ey ELEY oe a ec beens 


igereys HOLA Kaine 

to da & wh Wtarm Jem.e ye Sul) ¢ ON wean du, 8 noe co 
bites att en, en ‘edith oan cow es 
aaX hilee nm piste mod yok sides op aete 8 yori ty tavioas 
gerane-aelIAt ,acaserd fo ae OL, My o(sh Ah ye petasiqasen 
iti Delase .fol sesh Cyd hese ose “view ei Yo eokqmee ~ 
ear Bary ouney ff) Gealet Ses anenen 
‘W 1te 1D teddy ignite My 8 ied cerry ng tWinaled ssteytons ” _— 
ee ee ee ee a Te ae 
nay = 8) he WEST) FMI OPO (wide ue oDEgtneda] ia) 
shramien 38 seit: i saree 4ci 2 ae) wig) SM ,oeth | . 

Unisqeed, Gini FL 10% Cem aes: a “wipe eg, oye dh Hea cL 
PLO) Bat We fo £40 add Vico © 90 Oi ge Geb, £ Preveeracginsy: _ 
liom if )agyep oh me OD AS US Oy ies teen. 
» #08 AL :eee SOE shee ot ately -yhewl spagiient 
3 Sg elaettt A Gitighty |: natheatl ‘nd Dereon ial eh ih), . onl 
: ped Gi se?) ae 6b, i FaS. ith ee a 
- so ae alah et pad 
ee tig Em idyes 1 2929 Ayelet : 
- ave & we is or Pht Oe 04 waa" of 


re 


- 
o a 
J : 


23 


CoM Loe a Caleulated! for Co 6H4ggC12NO3P4Rh9S3: Chess 25 +2 th: 


eyo uN mont). OP OUNCimeCme > 252% oH, 245.len Ni leeds Se 


Reaction of [RhoC1l9(CO) (u-SCNC (O)OEt ) (DPM) 9] with. CO. 


Compound 3 (100 mg, 0.083 mmol) was suspended in 2 mL 
of CH5Cl5 in a three-necked, 50 mL round bottom flask and 
the dinitrogen atmosphere was replaced by CO. After 
Stirring for >:min the solids had dissolved yielding a 
yellow solution. Addition of 10 mL of diethyl ether 
resulted in the precipitation of a yellow solid which 
appeared from its infrared and ly and 31p¢1H} NR Spectra to 
be a mixture of IRhS Clip (GO.)oGr- CO) (i=SENC (0) OF E) (DPM) 5] (6) 


and [Rh (CO)9(u-Cl)(u-CO)(DPM)9) [C1l],?/ (7). 


Reaction of [RhjC19(CO)(u-SCNC(O)Ph) (DPM) 2] with CO. 


Reacting compound 4 with CO in the manner described for 
Compound = S8yielded only 72s 9Monitoring the reaction at 
intermediate times showed the presence of compounds 4 and 7, 


but showed no indication of a compound analogous to 6. 
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Attempted Reactions of [RhyC19 (CO) (u-SCNC (0)OEt ) (DPM) 9] 


with MeNCO, PhHNCO, Allene and CO». 


Compound 3 (50 mg, 0.042 mmol) was suspended in 5 mL of 
CH5Cl5y. The reagents were added by syringe for the liquids, 
MeENCO (07S ml, 8.1 “mmo Wi Sand -PANCO “(0 'S5) mby 406 wamol) vor "by 
replacing the Ny atmosphere in the 50 ml flask by either 
allene or CO - No reaction was observed after 24 h in any 
of the reactions and compound 3 was recovered 


quantitatively. 
Preparation of 13co Labelled Samples. 


13c0 labelled samples of compounds 3-16 were prepared 
exactly as described previously but utilizing 13co labelled 


compounds land 2 on an “atmosphere of l3co for 6. 


xeLay Data Coplece ron. 


Orange crystals of [Rh5Ci,(CO)(w-SCNC(S)N(PhH)C(O)OEE)— 
(DPM) ]*°0.5 C7Hg were grown from a saturated toluene 
solution of the complex. A suitable crystal was mounted on 
a glass fibre with epoxy resin. Unit cell parameters were 
obtained from a least-squares analysis of the setting angles 


6t 16 "reflections in the “range 4.0° <° 20 < 17.0%, which were 
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accurately “centered or an Enraf=Nonius CAD4 diffractometer 
using MG 9K, radiation. “The 2/m ‘diffraction symmetry and the 
systematic absences (hOL; &£ = 2n+l: OkO; k = 2n+l) were 
consistent with the space group P2)/c. 

Intensity data were collected at 22°C on a CAD4 
diffractometer in the bisecting mode employing the w-20 scan 
technique. Backgrounds were scanned for 25% of the peak 
width on either end of the peak scan. The intensities of 2 
Standard reflections were measured every 1 h of exposure to 
assess possible crystal decomposition or movement. No 
Significant variation in these standards was noted so no 
correction was applied to the data. 10,082 unique 
reflections were measured and processed in the usual manner 
usingia value of 0.04 for p.i1l3 Of these, only 2112 were 
considered to be observed and were used in subsequent 
calculations. See Table 4 for pertinent crystal data and 


details of intensity collection. 


Structure Solution and Refinement. 


The structure was solved in the space group P2),/c by 
using a sharpened Patterson synthesis to locate the two 
independent rhodium atoms. Subsequent refinements and 
ditterence Fourier calculations led to =the location of sail 


the remaining non-hydrogen atoms. Atomic scattering factors 
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Table 4. Summary of Crystal Data and Details of Intensity 


Collection for [Rh5C1l. (CO) (u-SCNC (S)N (Ph) C (0) OEt) - 


(DPM) 5] -0.5ClH, 
Cmpd [RhC1,(CO)(u-SCNC(S)N(Ph)C(O)OEt) (DPM)»J-0.5C5H, 
FW 1385-93 
Space group P2r ic (No. 14) 
a, A 17-964(9) 
b, A 25-235(10) 
c, A 15-861(5) 
8, deg 97-02(3) 
me CalECl g/m> 1-29 
v, A 7136 
radiatn Mo Ka , \ = 0-709 260 
detector aperture, mn 2-00 + 0-500 tans x 4 
2> limits, deg 0-1 < 20 < 45-0 
Scan type w/29 
Scan width, deg 0-75 + 0-35 tano inw 
bkgd 25% on low and high angle sides 
rflctns measd She tks +2, 10082 
abs coeff u, cn 7-168 
Crystal dimens, mm 0:05 x 0-10 x 0-11 
range in abs corr factors 0-918 - 0-969 


final no. of parameters varied 247 


error in obs of unit 2-04 
weight 

R 0-070 
R 0-095 
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usual sources. Anomalous dispersion!1® CERMSP LOG Rij sac las 
and P were included in F,. The carbon atoms of all phenyl 
groups were refined as rigid groups having D¢;, symmetry and 
C-C distances of 1.392 A; the isotropic thermal parameter 
for each of these carbon atoms was refined. All phenyl 
hydrogen atoms, as well as the DPM and ethyl methylene 
hydrogen atoms were included in their idealized locations 
(uETLEzingeC-=Hedistances of Un95 A) and were not refined. 
These atoms were assigned thermal parameters of 1 A2 greater 
than the B (or equivalent isotropic B) of their attached 
carbon atom. Absorption corrections were applied to the 
data using Gaussian integration.2?’ 

The large thermal parameters of the carbon atoms of the 
ethyl group suggested a possible disorder of these atoms so 
they were removed from the refinement and structure factor 
calculations. However, a subsequent difference Fourier map 
confiemed “Ehelr positions andi showed “that the electron 
density associated with them was rather smeared out. These 
atoms were reinserted and refined as previously, resulting 
in large thermal parameters for these groups. It is 
probable that the ethyl groups are disordered over a number 
Of closely spaced positions rather than over a few, clearly 
defined positions. 

The toluene molecule of solvation was found to be 


severely disordered about the 2(d) inversion centers. 
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Although the electron density was clearly attributable to a 
planar group of approximately Dé, Symmetry the peak maxima 
corresponding to the individual carbon positions of the aryl 
ring were not clearly resolved; instead an almost continuous 
disk of electron density was observed. Similarly, no 
distinct positions were apparent for the toluene methyl 
group. Initially the toluene aryl group was input as a 
rigid group (in which only the three unique positions were 
defined) fixed at the inversion center, with an orientation 
corresponding to the "best" carbon positions from the 
Fourier map. The occupancy factor of this group was varied 
but yindieated that a fudd molecule occupied this special 
position so the occupancy was set at 1.0 in subsequent 
eyeless A difference Foumier map at this point did not 
establish the positions of the toluene methyl group so its 
position was idealized such that it was 6-fold disordered 
around the ring. Neither the positions nor the thermal 
parameters of these carbons were refined, instead their B's 
were set at 1.0 A¢ Greater than those of their attached aryl 
carbon atom. Another area of electron density was located 
ined position wsolated from the complex and the solvent 
molecules, however this could not be adequately described as 
a solvent molecule so was left unaccounted for in the final 


refinements. 
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The final model, in space group P24 /e, refined to k= 
0.070 and R, = 9.095 based on 247 parameters varied and 2112 
unique observations. No doubt the very badly behaved 
toluene molecule of crystallization and the unaccounted for 
electron density together account fer the rather high) 
values. Because of the small, weakly diffracting crystal 
only a small (ca. 21%) percentage of reflections collected 
Werhem OOS GVeC mS On Oil | Vani (enn: 20) pecs (rhs). cr (cZe) pmo le) is, 
5s(2), *«C(7)) and C(é) were refined anisotropically in order to 
achieve a reasonable data/parameter ratio. On the final 
difference Fourier map the highest residuals were in the 
Vicinity “OL Ehe unaccounted for solvent (0.8 eA-3), the 
carboxyethyl group (0.4 eA-3) and the toluene molecule (0.4 
eA73). A typical carbon in earlier syntheses had a density 
Olca 13.0 eAq3, 

The final positional and thermal parameters tor the 
non-gEoup and group atoms are given in Tables 5 and 6, 
respectively. The idealized positional and thermal 
parameters for the hydrogen atoms are given in Table 7. 
Selected bond lengths and angles are listed in Tables 8 and 
0, respectively. Least-squares planes’ calculations are 
recorded im lable WO.) A licting of the sosserved and 


calculated structure factors amplitude is Avavlables.-° 
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Tables 5. 


o1 


"Estimated standard deviations 


digits 


30 


Atomic Positional and Thermal Parameters for 


[RhCl. (CO) (u-SCNC (S)N(Ph)C(0)OEt) (DPM) 4] -0.5 C5H, 


1318 (5) 
-1254 (32) 
- 1836 (40) 

2797 (6) 

3279 (6) 

(a Sas 'C6:) 

1986 (6) 

3910 (14) 

<33) (15) 

-904 (17) 

641 (15) 

-33 (16) 

3431 (21) 

3566 (19) 

1779 (19) 


1273 (18) 


The positional 


-1822 (4) 

+2363 (21) 
72145 (33) 
-1042 (4) 

-249 (4) 

-1891 (4) 

=1199) (4) 

-1320 (10) 
-2308 (11) 
-1832 (12) 
=93 SC) 
-1435 (13) 
-1062 (15) 
=T Sa 14) 
-1815 (14) 
-892 (12) 
-1358 (13) 


-1910 (21) 


and thermal 


1611 


665 


1729 


-204 


1071 


2733 


3875 


4299 


2986 


1755 


743 


Red 


406 


(2) 
(2) 
(6) 
(6) 
(6) 
(6) 
(49) 
(71) 
(6) 
(7) 
(6) 


W7/)) 


791 
Sai 
444 
1139 
1556 
364 
443 
356 
401 
505 
620 
ess 
340 
461 
436 
427 
440 
222 


177 


(522) 7859 
(753) 2412 
(32) 

(35) 

(31) 

(32) 

(81) 

(89) 

(103) 

(86) 

(90) 

(119) 

(110) 

(117) 


(96) 


in this and other tables are given 
parameters have been multiplied by 


(73) 


(446) 


285 


aii 


(1000) 6681 


in paren tteses end correspond 


ellipsoid 18 given by exp(-(BI1h'4B22k'4B8I9)'+2B12nk+2B13N142B23k1)) 


10° 


(1044) § 


(1909) 8 


UIseBi ysl? 


42 (374) 


66 (689) 


tertiary) 


U13 Uu23 

48 (16) 59 (20) 
107 (18) 72} (Vr hoh) 

75 (89) -18 1690) 
108 (63) 132 (69) 
226 (61) 118 (57) 
117 (56) 93 (56) 
1962 (618) 1454 (539) 
2443 (999) 2637 (1151) 
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Table (6. i ee 
Derived Parameters for the Rigid Groups of 
[Rh5C1, (CO) (u See) SRE TC (OVOEL) (DEM) I 0. se oH. 
Atom x y z BA Atom K y z 8, ie 
C(11) =0.3244(15) = -0.1836(8) 0.3735(13) 2.5(8) C€(61) 0.0322(10) -0.1775(11) 0©.0604(15) 4.0(9) 
C(12) 0.3942(14) -0.1756(11) 0.3654(14) §.6(11) C€(62) 0.0018(14) -0.1336(9) 0.0157(14) 3.8(9) 
€(13) 0.4261(11) -0.2119(11) 0.4253(19) §.9(11) €(63) +-0.0747(15) -0.1234(8) 0.0107(14) 3.8(9) 
€(14) Cece) -0.2262(9) 0.4932(15) 4.8(10) C€(64) -0.1209(9) -0.1571(11) 0©.0503(16) 3.6(9) 
C(15) 0.3984(15) = -0.2043(10) 0.5013(13) 3.6(9) C(65) -0.0905(15)  -0.2010(9) 0.0950(16) 5.9{12) 
€(16) eee -0.1679(9) 0.4414(17) 3.3(9) C(66) -0.0139(16) -0.2113(8) 0.1001(14) 4.0(10) 
C(21) 0.2472(16) -0.0564(8) 0.3703(15) 3.2(9) C(71) 0.2634(11) -0.1244(10) +-0.1327(12) 3.5(9) 
€(22) 0.1793(14) -0.0299(11) 0.3515(13) 4.2(10) C€(72) 0.2959(14) +-0.1728(8) +-0.1496(14) 2.7(9) 
€(23) 0.1580(12) -0.0085(10) 0.4069(19) 7.0(13) €(73) 0.3427(13) -0.1763(8) -0.2131(16) 4.9(11) 
€(24) 0.2047(17) 0.0203(9) 0.4812(16) 3.7(9) €(74) 0.3571(12) -0.1315(11)  -0.2597(13) 3.8(9) 
C(25) 0.2726(15) -0.0063(11) 0.5000(13) §.6(12) €(75) 0.3246(14) -0.0832(9) -0.2428(14) 4.3(10) 
C(26) 0.2938(11) -0.0666(10) 0.4445(18) 4.8(11) €(76) 0.2778(13) -0.0797(8) +-0.1793(16) 4.3(9) 
€(31) = 0.2947(16) 0.0322(8) 0.2212(18) 3.5(9) C(81) 0.1169(11) -0.0871(10) +-0.1178(14) 2.8(9) 
G2) Ors274(2) 0.0511(11) ©.3007(18) 5.7(12) €(82) 0.0931(13) +-0.0353(9)  +-0.1078(13) 2.7(8) 
C(33 0.3023(17) 0.0973(12) 0.3362(13) 6.1(12) €(83) 0.0269(14) -0.0173(7) -0.1538(16) 3.8(10) 
C(34 0.2444(18) 0.1265(9) 0.2921 (20) 7.7(14) €(84) -0.0155(11) -0.0512(11) -0.2098(14) 4.4(10) 
€(35) 0.2116(13) 0.1096(11) 0.2126(20) 7.3(13) €(85) 0.0083(14) -0.1031(10) -0.2199(14) 4.5(10) 
C(36 0.2366(15) 0.0€35(12) 0.1772(13) 4.9(10) C(86) 0.0745(15) -0.1210(7) -0.1739(17) Soh) 
C(41) 0.4185(12) -0.0035(12) 0.1464(15) 3.4(9) €(91) -0.0495(14) -0.0962(8) 0.3019(16) 2.6(8) 
C(42) 0.4792(18) -0.0381(8) 0.1496(16) 4.9(11) €(92) -0.1169(15) -0.0906(9) 0.2494(13) 3.8(10) 
C(43 0.5465(13) -0.0210(12) 0.1238(18) 6.7(13) €(93) -0.1614(11) -0.0660(12) 0.2565(15) §.4(11) 
Cfeé 0.5$31(12 0.0306(13) 0.0947(17) 6.2(12) €(94) -0.1384(14) -0.0071(8) 0.3162(18) 4.5(10) 
C(45 0.4924(18 0.0€52(8) 0.0915(16) 6.1(12) €(95) +-0.0709(16) -0.0127(9) 0.3687(14) 4.7(10) 
C(46) 0.4251(14) 0.0481(10) 0.1173(16) 3.9(10) €(96) -0.0264(11) -0.0573(11) 0.3615(14) 4.7(10) 
€(51) Caisssias -0.2609(7) 0.0825(19) 3.8(10) €(101) 0.4510(29) -0.0441(19) 0.5504(39) 18(3) 
C(52 0.0575(13 -0.2279(12) 0.0133(14) §.9(12) €(102) 0.5155(27) -0.0504 (13) 0.4711(46) 18(2) 
C(s3 0.0942(13 -0.3421(13) 0.0122(15) §.4(11) €(103) 0.5266(25)  -0.0063(32) 0.4207(14) 18(3) 
(52) 0.1257(16) -0.3711(7) 0©.0802(20) §.4(11) €(111) 0.4811(62) -0.0930(4) 0.6062(83) 19 
C5) 0.1€85(13) -0.3449/11) 0.1499(15) 4.3(10) €(112) 0.5326(57) -0.1062(27) 0.4390(96) 19 
C{5€) 0.1718(12 -0.2898(1) 0.1505(13) 2.8(8) USD) WESSite(Es)) -0.0132(68) 0.3326(3)) 19 
Rigid Group Parameters 
é b 
oP ye eee eee a ero k GI tee IT oiag ee a aera rsa tere 

Ring 1 0. 3563(9 -0.1899(6) 0.4334(10) 1.471 (20) -2.500(17) 2.233(18) 

Ring 2 0.2259(9) -0.0181(6) 0.4257(10) ae -2.609(17) 2.259(17) 

Ring 3 0. 2€95(110) 0.0804(7) 0.2567(11) ).380(28) 2.322(17) 0.707(25) 

Ring 4 On4E5E(119) 0.0136(7) 0.1206(9) 1.380( a -2.872(16) -0.3€3(16) 

Ring 5 0.1330(€ -0.316€0(7) 0.0814(11) -1.624(35) -2.154(14) -0.014(33) 

Ring 6 -0.06464(9) -0.1673(6) 0.0554(9) 2.999(20) -2.535(14) 0.077(18) 

Ring 7 0.3103(8 -0.1289(7) -0.1962(9) 0.136(15) 2.962(15) -0.945(14) 

Pangea 0.0557(9) -0.0692(7) -0.1638(9) ete) 2.709(15) -0.480(15) 

Ring 9 -0.0939(9 -0.0517(6) 0.3090(9) -1.090(23) -2.427(15) 2.940(20) 

Ring 10 0.5000 0.0000 0.5000 0.462(60) -2.295(54) -1.093(58) 


Mew mm wm mew wm eee eee ee meme ee en cee eee meee eee eee eee wees ee meee ee eee eee eee eee eee sete ee eee eee eees ete eee eee = 


a X_, Y. and 7Z. are the fractional coordinates of the centroid of the rigid group. 


b The rigid group orientation angles delta, epsilon and eta (radians) have been defined 
previously: La Placa, S.J.; Ibers, J.A. Acta Crystallogr. 1965, 18, 511. 
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(i) Bond Angles 
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DesSerIPelOnmor soe rLuCctUure 

The unit cell of [Rh9C19(CO)(w-SCNC(S)N{(Ph)C(O)OEt)- 
(DEM) 5-055 Caiig (14) consists of four discrete complex and 
two toluene molecules, the latter which are severely 
disordered about the 2(d) inversion centers. There are no 
unusual contacts between any of these molecules. 

The overall geometry of the complex, shown in Figure l, 
iS quite typical ror. DEMi bridged binuclear ‘complexes, in 
that the bridging diphosphine ligands are bound in the 
mutually trans positions on each metal with the other 
ligands bound essentially perpendicular to the metal- 
phosphine plane. 49 Parameters within the Rh-DPM framework 
are not particularly unusual and are comparable to those 
observed in several related complexes already reported by 
this group. 41, 46-53 The metal-metal separation (2.799(4) A) 
is representative of a normal Rh-Rh single bond, falling 
within the range reported in related Rh-Rh bonded systems 
(2.7566(9)-2.8415(7) A).119,120 This metal-metal bond is 
Substantiatred by the wntraligqand P=P separations (ay. 

B82 04(2 9°94) whieh are sitqnimicantily longer tham the Rhi-Rh 
Separation suggesting mutualwattractlom Of tne metals. 
Inclusion of the metal-metal bond in describing the metal 
geometries yields a quasi-octahedral coordination about both 
metals much as was observed in the closely related Cs, 


condensation product, [Rho Gin (GG) (Cosa (DEM leer” The 
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coordination geometry about Rh(1) is comprised of the 
mutually trans phosphorus atoms of the DPM ligands, a 
terminal chloro ligand, the Rh-Rh bond and two interactions 
with S(2) and C(4) of the bridging isothiocyanate moiety 
(vide infra), whereas the geometry about Rh(2) is comprised 
of the mutually trans phosphines, a terminal chloro and 
carbonyl ligand, the Rh-Rh bond and one interaction with 
SV je or the isothiocyanate group. Distortions, from ideal 
octahedral geometry of each Rh center seems to result 
primarily from the strain imposed by the bridging 
isothiocynate group. 

Both terminal Rh-Cl distances are significantly longer 
than is normally observed for such bonds, for which 
distances such as those reported in trans—[Rh9C19(CO)9L9!) Ct 
= PhoPCH>PPhy (2.3875(9) A), 4+ PhoAsCHzAsPh7 (2.370(3) 
A)121) are more typical. “hese Rh-Cl distances are, 
however, comparable to those observed in the closely related 
complex, [RhyC15(CO) (C284) (DPM)2}.7°"47 Thus, the Rh-Cl 
bond which is trans to the sigma-bound carbon atom in these 
compounds (Rh(1)-C1l(1) = 2.464(9) A in 14; 2.442 A (av.) in 
the CoS, analogue) displays the lengthening which is typical 


122 ana 


for ‘cl whem opposite a iqroup of high’ trans, ant luence, 
the Rh(2)-C1(2) bond which is opposite the Rh-Rh bond is 
extremely long in each case (2.559(10) A in 14; 2.518 A 


Cave) C557 analogue); it appears the only Rh-Cl distance 
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which is longer than that of compound 14 was observed in 
[RhC1(n+-coy)(diars)5]°9 (2.635(4) A). While it may be that 
the metal-metal interaction im the present Compound exerts a 
strong trans aintliuence onsthe Rh(2)-Cl(2) bond, as, has, been 
Suggested in a related complex, 123 steric interactions 
between the phenyl hydrogens and this Cl atom cannot be 
ruled cut as being, at least in part, responsible. Phenyl] 
groups 3, 7 and 8 are aimed into the regions around Cl(2) in 
Suchma Way aS tO cause lengthening of the Rh(2)-€l(2) bond 
(see Figure 1) and several short non-bonded contacts involve 
these hydrogens and €l(2) (see Table 6). “1t is "significant, 
however, that the longer Rh(2)-C1(2) distance observed in 
the present case is accompanied by the shorter Rh-Rh bond 
(compared with 2.811(3) in the C5S,4 analogue?®:47) as would 
be expected were the trans influence of the Rh-Rh 
interaction responsible for the lengthening. 

As noted, the coordination geometries about both metals 
are completed by the bridging group which has resulted from 
condensation and rearrangement of the original 
isothvocyanate ligands.  Thisiscondensed Eragqment» binds, to 
the metals yielding one 5—-méembered) and one 4-membered 
metavlocyele was Shown Clearly sin) Figure sz. 5 lnerefore, “the 
present complex looks much like the C954 eneilogueha asd 
apart from CO Et and Ph moieties in the former. Otherwise, 


most differences between these two complexes seem to result 
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from the smaller covalent radius of N compared to S; 
resulting, for example, in a smaller 5-membered ring in the 
isothiocyanate product. 

The head-to-tail condensation of the EtOC(O)NCS and 
PhNCS groups, which resulted in formation of the N(1)-C(5) 
bond, has also been accompanied by migration of the 
ethoxycarbonyl moiety from N(1) to N(2), much as was 
observed in [RhC1(PPh3)(SC(N(C(O)OEt) 5NCSC(NC(O)OEt)S)],°8 
in which a condensation of three SCNC(O)OEt groups 
occurred. This migration in the present compound has 
resulted in the formation of a new isothiocyanate group, 
SCNR (where R = C(S)N(Ph)C(O)OEt), which is bound between 
the two metals and is carbon bound to one rhodium center and 
sulfur-bound to the other, much as we propose for the 
Mivevalels) 1s3ethrecyanate adducts «(vider intra); sand: simittar 
fo unat observed for Co5ein a binuclear platinum 


124 this is only the second reported structure 


complex. 
involving any isothiocyanate group and 1S "thew rrrst an which 
this sqroup bridges two metals. 9 Apart *fromethe 
ethoxycarbonyl and phenyl groups, the metal isothiocyanate 
Unat isequite planar; only N(2) ls) significantly displaced 
(Or14(3)° A) trom the Ravi) Rn(2)S(1)e€(4)N(a) C(S) Se C2) NiC2) 
least-squares plane. —~ Exo to» the metallocycle rings 


Significant twists from this plane occur, the torsion angles 


about the N(2)-C(5)) and» the N(2)—C(6)* bonds” being circa 19° 
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and 8°, respectively (see Table 7), allowing O(2) to avoid 
unfavourable contacts with S(2)..) In addition, the pheny1 
Group 1S twisted from the least-squares by circa 87° in 
order tO Minimize contacts With the rest of the Vigand. “As 
was the case for the C5S, anadegque, 0% 7! the parameters 
within the isothiocyanate unit suggest extensive 
detoceliuzation,. 

Ones C-—S (bond, (C(5)-S:(2))) is. simitear inv length) to that 
in ethylene thiourea (1.72 A),12° whilst the other (C4-S1) 
is somewhat shorter. Neither, however, are as short as the 
double bonds in cos!2® ang Cooee Coivcal 1.55.4). And the 
C-“Ni bonds within thesmetallocyele: (1.30 (3) vand 37 (3)0 4) 
abe typical for partval, double bond) character, andVare much 
shorter than a typical C-N single bond (1.47 A).125 two of 
the distances involving the exocyclic nitrogen atom N(2) are 
somewhat shorter than a normal single bond, although this 
drmrerence is not Significant; the N{(2Z)-C(91)) distance on 
the other hand is exactly as expected for a single bond. 

The length, of the brevdaging Cas. bond in compound 14 
(1764(3) A) is similar to that observed in the C55, product 
(HaGOCS) mand also Ctouthataln Ele wr One sSeEUec uur al Ly 
characterized isothiocyanate complex, 

[Ni (CH3C(CHjPPh2)3) (n2-SCNPh)] 7? (1.68(2) A). Although the 
two isothiocyanate species differ in the coordination mode 


Of "the isothiocyanate Migands (the former 1¢6) bridging 
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whereas the latter is n* bound), the C-S moiety seems to be 


rather insensitive to this difference. 


Discussion of Results 


(i) theo ls Reactions, of Compounds fo and: 2owith, 
Esothiocyanates. The addition of an e€quimolar amount of 
either ethoxycarbonylisothiocyanate (SCNC(O)OEt) or 
benzoylisothiocyanate(SCNC(O)Ph) to compound 1 yields 
[Riel (CO) (i=SENC (0) R) (DPM) >I (R= EO (3)7 eh (4)) in 
about 80% yield. Based on their elemental analyses, on a 
consideration of their spectral parameters and on their 
subsequent chemistry (vide infra) it can be established that 
in each case the isothiocyanate molecule has inserted into 
Ene KRh=Rh bond Gi compound=1..) Im the solic state neither 
compound shows a terminal carbonyl stretch but instead 
=i) 


displays a medium intensity, band at circa 1/710 -cm which 


1 when 13co-substituted compound 1 


Sitiese LO circa. 167. 0R cies 
is used. The shift upon 13co-substitution clearly 
establiehes that thivemctrotci 1s noe due eo athe 
PeounLocyandte: Can OnymwOLOUD.. mii "laCuyn@OpstreCuCchuCcloamly 
attributable to this organic carbonyl moiety is observed. 
Tiemslow Carbonyl) Strereh,ealLchnough unusual Sion a 


"conventional™” carbonyl group, is well in line with those 


reported for carbonyl moieties which bridge two metals not 
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bonded to each other (ketonic carbonyls) ;41 in the present 
Case the Ketonic carbonyl has resulted from isothiocyanate 
inserevon into the Rh-Rh bond vot > The analogous insertion 
OfPaceLylenes into stheskhonbeibond of el to Giveuketonic 
carbonyl species is a well documented transformation.4! 1 
propose that in these complexes the isothiocyanate molecule 
is bridging the two metals and is bound to one through the §S 
atom and to the other via the isothiocyanate carbon atom. A 
Similar binding mode for the related CS z molecule has 


already been reported!24 


(and again this has resulted from 
heteroallene insertion into a metal-metal bond) but more 
importantly the structure reported herein for compound 14 
unambiguously establishes this bonding mode for an 
isothiocyanate molecule (vide supra). The absence of an 
observable stretch for the organic carbonyl moiety suggests 
that this scarbony!) group is coordinated to- the metal, and 
certainly sthe coordination ol such carbonyl groups jin 
benzoyl- and ethoxycarbonylisothiocyanates has been 
Seer (ooo ees 
In solution, the infrared spectra of compounds 3 and 4 
show additional bands of 2023 and 2010 cml, respectively, 
Whiten disappear Upon icryStalklYyzatlon. — Lnese bands ane close 
to those observed in compound 14 and in 


[Rh9C1>(CO) (C284) (DPM)2]1 (2030 cm7!),4r47 indicating the 


presence of a terminal carbonyl ligand. The disappearance 
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of these bands upon crystallization and their reappearance 
in solution, together with the bridging carbonyl band, 
suggests the following equilibrium between the carbonyl- 
bDE1dgedespecies) (A) vandsthatmcontaining a terminal CO group 
(B). The 31p{1y} NMR spectra of compounds 4 and 5 consist 


of broad unstructured signals in the region 11-12 ppm, which 


P P 4 
| 0 |e cl | | s 
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are temperature invarilantwover the rangew20° to y—s0°C: 
Likewise the 13c{3!p{1H}} NMR spectra consist of a broad 
peak “at circari199 ppm; salthoughs thiseas nommally the. region 
associated with terminal carbonyl groups, the 13c resonances 
of ketonic carbonyls have also been observed in this 
region. 41 Bothw sets of NMRespectrasare consistentswheh the 
above dynamic hehaviour. The ly NMR Spectrum shows the DPM 
methylene resonances as broad unresolved patterns but with 
peak envelopes essentially as is normally seen in related 
DPM-bridged complexes, but, interestingly, the resonances 
due to the ethyl group are clearly resolved, presumably 


Since this group is well removed from the sites affected by 
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thes iluctivonality. “This structure proposed for isomer’ 8B is 
analogous to those observed for [Rh2C1l (CO) (C2Sq4)- 
(DEM ee oe! and compound 14. 

The iodo analogue of compound 1, [RhyjI19(u-CO)(DPM)>] 
(2), also reacts with one equivalent of BEOC(O)NCS to yield 
[Rho 9(CO)(u-SCNC(O)OEt)(DPM)5] (5), a species having only a 
terminal Carbonyl) stretch (2001 em7!) both in solid and 
solution. The 3!p{lH} NMR spectrum of this product is well 
resolved AA'BB!XY pattern, which, together with the infrared 
spectrum and the lack of conductivity, suggests that it has 
a structure analogous to isomer B shown above for the chloro 
species. Complexes in which a bridging carbonyl ligand is 
not accompanied by a metal-metal bond are still not 


41,128-131 ang the subtle factors which favour this 


common 
carbonyl geometry are not yet understood, although it seems 
that slvoit changes, such sas the exchange, of Cl for 1 in 
compound 3 to give 5, are enough to destabilize this 
carbonyl geometry. Such a change can be rationalized based 
on Steric arguments; the larger 10do group on the more 
crowded rhodium center presumably forces the carbonyl group 
from the bridging positions toy the terminally site von sthe other 
metal. 

The carbonyl-bridged forms of compounds 3 and 4 (isomer 


A) have a coordinatively Unsaturated, 16 electron rhodium 


center suggesting the possibility of coordinating a 
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Z-e1ectron donor at this’ metal. Consequently, reacting a 
suspension of 3 in CH5Cl>y with CO yields a clear yellow 
solution, the 31 pc ly) NMR spectrum of which shows the 
presence of two species 6 and 7 whose molar ratios vary with 
Beaction, time (vide infra). The first species, «whose 
Spectrum 1S typical of an AA'BB'XY spin system, appears to 
be'a simple CO-adduct of 3 as diagrammed below. This 
species displays carbonyl stretches in an infrared spectrum 
of the solid at 1968 and 1700 cm7! (1912 and 1665 cm) 


in 13co substituted product) and shows two resonances in the 


13¢ ¢lH} NMR spectrum of an enriched sample, at 191.5 and 


229..0 ppm, CONnSistent wrth a terminal and a breivdging 
carbonyl group. These 13¢ resonances were not 31p decoupled 
so the former appears as an approximate doublet of triplets 
(Sepec = 70 Hz; Jpoc ~~? Ha) sand ther Vatter 1s .a complex 
Mulcaplet which roughly appeans: as a Droad triplet 
tidieating that =the coupling, to both Rh centers 1s 
approximately the same (Jpy-¢q ~ 43 Hz). The second product 
(7) was identified as [Rhj(CO)9(u-Cl)(u-CO) (DPM) 9) [c1} 17? 
based on a comparison of its 31p{1y}, 13c {1H} NMR ana 
infrared spectra (v(CO) = 2004, 1960 and 1868 cm7t) with 
those of the same complex having either Bea or RhC1l5(CO)9_ 
anions. 133 Compound, 6» could not be, lsolaved pure since all 
samples were contaminated by compound 7 to varying 


degrees. In the reaction of the benzoylisothiocyanate 
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analogue 4 with CO no carbonyl adduct similar to 6 is 
observed; instead only starting material and the tricarbonyl 
Species 7 appears. After prolonged exposure to CO only 7 is 
observed and ultimately both compounds 3 and 4 react under 
excess CO with isothiocyanate displacement to give compound 
7. j&.It appears that the coordinatively unsaturated, 16 
electron rhodium center = as required for the reaction with CO 
Since the analogous species 14, which has a bridging 
isothiocyanate group but a terminal CO and therefore two 18 
electron rhodium centers, iS unreactive towards CO, 
presumably since the thiocarbonyl moiety 1s strongly bound 
to Ril). the Vvodo ‘compound 5, which alse has ie —-electron 
COnElgurations at both metals also does moUreace wit (CO. 
This is somewhat Surprising since it would be expected that 
the coordinated carbonyl group of the isothiocyanate group 
would be readily displaced by carbon monoxide as has 


68 


previously been reported in similar compounds and as we 


propose occurs for the chloro analogue 3 (vide infra); it 
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Seems that exchange of Cl for I markedly lowers the lability 
of this coordinated isothiocyanate carbonyl group. 

Similarly, compounds 3 and 4 react with one equivalent 
of MeNC to give compounds 8 and 9, respectively, in 100% 
yield (from NMR). These products have similar 3!p{1H} NMR 
Spectra to compound 6 and their infrared spectra show the 
presence of Ketoni1ce carbonyl! groups (v(CO) "= 1667 cm71 C8); 
1656 cm! (9)) and terminal isocyanide ligands (v(CN) = 2229 
cm7! (8) and (9)). The carbonyl bands, which shift to circa 
1630 in 13co labelled samples, are at very low frequencies 
even for ketonic carbonyls, but are not without precedent; 
[PE C15 (CO) DPM) 5)5 whieh nas been: shown to: containia 
kevonuce carbony ! "gqroup,e nasi the Carbonyl stretch at 1633 
om7+.,129) the 13c¢ ¢3!p(41H}} NMR spectra of 8 and 9 consist 
obva doublet of doublets atecirca, 250) ppm as expected fora 
Dridging Ccarbeny l Group whieh VSecoupled te two chemrcally 
inequivalent Rh nuclei (see Table 2). 

The reactions of compound 1 with methyl- and 
phenylisothiocyanate proceed in a very different manner to 
those described for ethoxycarbonyl and benzoyl analogues. 
For these non-activated isothiocyanates no simple 1:1 adduct 
is observed, instead 31p,¢1H} NMR spectra of reaction 
solutions show a complex mixture of species at all 
isothiocyanate:compound 1 molar ratios. Varying the amounts 


of isothiocyanate does not seem to alter these spectra 
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Significantly. On allowing the reaction mixture of compound 


1 and phenylisothiocyanate to stand for several days a 


yellow solid (10) precipitates in low yield; however, the 
3lpi1y} NMR spectrum of the remaining mother liquor does not 
differ appreciably from that initially observed. The 
infrared spectrum of 10 exhibits bands at 1971 and 2165 

—j 


cm“, attributable to a terminal carbonyl and isocyanide 


group, respectively, and this together with its elemental 
analysis and a comparison with the MeNC analogue (11) (vide 


infra) suggests the formulation diagrammed below. Although 


the trans geometry is shown, it cannot rule out that the 
possibility that the CO and CNMe groups are mutually cis. 
Both the very low solubility of 10 and its carbonyl stretch 
are reminiscent of the closely related species, trans- 
[RhoC15(CO)9(DPM) 9] (v(CO) = 1968 cm71), 134 In the reaction 
of compound 1 with MeNCS no precipitate is obtained, yet 

the 3lp{1yH} NMR spectrum of a fresh reaction mixture is 
rather similar to that observed in the PhNCS reaction. 


However, after several days, a complex multiplet due to a 
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news species, (11) appears at 6 = 20.0 ppm im the 31p ily} NMR 
Spectrum. Although this species was not isolated, it can be 
identified as [Rh jCl5(CO)(CNMe)(DPM)5) (11) based on a 
comparison of its 3lpilyy NMR and unfrared (v(CO) = 1970 
cml, v(CN) = 2169 cm7/) spectra with those of an authentic 
Sample prepared by the 1:1 reaction of [Rh Cl (y-CO) (DPM) >] 
(1) with Menc.!35 it seems that both the PhNC (10) and the 
MeNC (11) complexes appear slowly with time, although the 
former 1S insoluble and precipitates from solution, so is 
not observed in the solution spectra. The analogous 
reactions of [Pd5Cl5(DPM)5] with methyl- and 
phenylisothiocyanate seem to proceed in a manner similar to 
those reported above; in these reactions the solutions are 
reported to contain several species from which the 
EsOCyanides complexes, ([Pd5Cl] (i—-CNR) (DPM) (Ry = Me ei), 
Slowly precipitate in low yields. °° 
The only species which we have identified in our 
reactions of MeNCS and PhNCS are the final isocyanide 
DRoaucts, LO and) Jl so nopdebinite Statement can ibe made 
regarding the mode of isocyanide production. However, two 
routes seem possible, either involving sulfur abstraction 
from one equivalent of isothiocyanate, or involving 
disproportionation of a condensed isothiocyanate moiety, 
(SCNR)». The former process for this binuclear system is 


favoured based on observations with other isothiocyanate 
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groups (vide infra) and with a related binuclear iridium 


system, 136 i, 


as 1s observed with the EtOC(O)NCS complex 
3, subsequent condensation of MeNCS or PhNCS ligands occurs 
with C-N bond formation to yield a species like that shown 
FOR "species Ein the “scheme shown sin Figure 84 (vide @intra), 
ME is difficult*to envision facile isocyanide formation; in 
the more common condensation mode in which C-S bond 
formation occurs, one can readily understand isocyanide 
formation (vide supra). Furthermore, in some very analogous 
chemistry involving the binuclear iridium complex, 

[IrgCl (CO) 9(DPM)9], it has been observed that reaction with 
one equivalent of either MeNCS or PhNCS yields 
stoichiometrically the sulfido-bridged isocyanide species 
[IroC19(CO)5(CNR)(u-S)(DPM)9] by sulfur-carbon bond cleavage 
of “ther isothiocyanate molecule. 136 Assuming that the 
iridium system can serve as a model for the rhodium 
chemistry, it may well be that a similar process 1s 
occurring with rhodium. However, the rhodium chemistry is 


Obviously more complex “since a mixture of products: is 


Obtarned im this) case. 


(ii) Isothiocyanate Condensation Products: Having 


obtained the 1:1 isothiocyanate adducts 3 and 4, it was of 
interest to investigate the subsequent reactions of these 


species with additional isothiocyanate molecules; it seemed 


Peed ecu 
wot ane) ene! 
(estat awew) b 


nt (jwnFatinse? ef 


_ ae 
7 we aa 
| pip amas 


bAed at | 

abhi nmyaees t/a | | 

avoghtans yaoy. singe A ) perenne . at 

1 eters ines ease sk eyitcot ou 

rate ace tiade, 00) iret aoe sol aE jehonigtogay — 

iva Hg Aspn Foals a setavinge 0 

limin wyP énldnanl: ‘nba Fea tam any ‘risers ante 

sogunaie thoi PP or a bei nt eet itera, ae 
any Sata po riiane AE dire toon athneginttseat att 36 

my ibacdty wits ta tapen A = otiee cat ote reye muha © 

a) seen e 3i eitags Suns ot iw Gem ot yrds imeda ' 

a ee ‘ae \Pevewor ww PW aed be go bireae 

eb- etnies: 30 oswihey 6: orth See arom ehavedider : 

gant) eit nt owniesdo 


= 


Alvan) adnan ilnhdaaisn se Aaueeeaeas, (Lt) a 


Te QAP FZ a? role ‘s Pace shennan oeenevne 


oye) 


that this would be a convenient way of synthesizing a 
variety of condensation products containing different 
heteroallene molecules and that such reactions could yield 
valuable information regarding these ligand coupling 
reactions. Compound 3, the ethoxycarbonylisothiocyanate 
adduct; does react with a "variety of isothiocyanates “and CS5 
to yield@assingleisolable product in veach case, swe sare 
Shown by their elemental analyses and their conductivity and 
SpeceEEOSCOpDIC "data to be Gf the “form, 
[RhyC15(CO)(SCNC(O)OEt)(SCX)(DPM)5} (X = NC(O)OEt (12), NMe 
CES) 7 ONPhS (14)4 NO(O) Pn e155), S016) ). "Compound 12 eanmalso 
be" prepared directly from Il by reacting with two or “more 
equivalents of EtOC(O)NCS. In no case was further reaction 
with these heteroallenes, to yield compounds containing more 
than two of these groups, observed even in the presence of 
Farge ‘excesses of the ligand. Interestingly, the 

benzoy lisothiocyanate adduct, 4, does mot react further with 
heteroallenes. The spectral parameters of compounds 12-16 
arewallievery Similar; their infrared Spectral display “a 
Ganbony) Suretchwat cirmca, 2025 cm71 which shifts to circa 
1980 cm7! when 13co0-substituted compound 1 is used, and all 
show =the ‘cambony! stretchvor “the ethoxy carbony le moiety in 
tne requon 1700-1800 cm7~1; in compounds 12 and 15 two 
organic carbonyl stretches are observed, one for each 


carbonyl group. These data indicate that all compounds 
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contain a terminal carbonyl ligand and that the organic 
carbonyl moieties of the ethoxycarbonylisothiocyanate group 
is no longer coordinated to one of the metals as suggested 
for compound 3 (vide supra). The 3lp_lyy NMR spectra of 
compounds 12-16 are also very similar and are as expected 
for complexes in which the two chemically different rhodium 
environments render the phosphorus nuclei on each metal 
chemically inequivalent. Similar spectra have been 
successfully analyzed as AA'BB'XY spin systems, as suggested 
for the present compounds. +3? A typical 3lp,{1y} NMR 
Spectrum {for compound 15) is shown in Figure 3.) “Similarly, 
the b3c{3lpi1H}} NMR Spectra of these species also resemble 
each other, displaying a doublet due to the terminal 
Carbonyl grmooup at circa 190 ppm with rhodium—carbon ‘coupling 
Of Clrca, (0 Hz, and the ly NMR spectra show all of the 
required resonances which integrate according to the 
formulations given; tor compound 12 two sets of ethyl 
resonances are observed showing that these groups are 
magnetically inequivalent. 

Although the above data show that all compounds are 
simubarsand thace they contain two neteroaliene units they do 
not unambiguously establish whether condensation of these 
units has occurred. However, the X-ray structure 
determination of compound 14 does clearly establish that 


condensation has occurred and, based on the very close 
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Brgure: 3: 25 | aE NMR spectrum of [RhCl. (CO) - 
ined 
(u-SCNC (S)N(C (0) Ph) C(0)OEt) (DPM. ] (15) obtaine 


at 161.9 MHz. 
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Similarities between the spectral parameters for compounds 


12-16, it appears that all have the structures shown 


below. As noted earlier, these structures are very close to 


Ci | co 
sR as 

see | 
ane 

X= NC(O)OEt (12) 

NMe (13) 

NPh (14) 

NC(O)Ph (15) 

s (16) 


that reported46r4/ EOm the CS5 condensation product, 
[RhoC15(CO)(C2Sq4)(DPM)9], and again this C2Sq4 species has 
rather Similar spectral parameters to those of compounds 
12-16. However, these compounds are not the expected 
PEOGUCESWOL 1sothiocyanate scondensatvon Breactions and sare 
unusual “in two “important wetails; first; sehe scondensation 
mode Involves C=N bend teormuation “sathersthans che Gnormal C-s 
bond formation, and second, an ethoxycarbonyl moiety has 
migrated from the EtOC(O)NCS groups, which was originally 
coordinated im compound =3, to; the sadded™heteroal lene 


molecule. In sulfur-containing heteroallenes (S=C=Y) there 


if s40tC)i = ¥ 
rr a . 
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seems to be a marked tendency, especially with the group 
VIII metals, to coordinate through sulfur instead of through 
Y and their condensation products almost invariably result 
in C-S bond formation as shown for isomer 111.19’ The 


alternate isomer resulting from C-Y bond formation (IV) has 


Y Y 
f ! 
S 
S 
ages S=C=y / 
LM | —_—_ ss ace OR L,M——G 
Cc vf S$ 
Se 


Ts) (1V) 


not been unambiguously established in the condensation of 
two heteroallene molecules although such a species has been 
postulated as an intermediate in the condensation of three 
EtOC(O)NCS molecules. 68 However, in this latter 
condensation of three ligands, the conventional isomer III 
cannot be ruled out as the first condensation product (vide 
infra). Nevertheless, the structure of compound 14 is the 
first to establish unambiguously the C-N condensation mode 
for isothiocyanate molecules, at least for the case 
involvang twos such molecules,» lt was theretore of anterest 
€o attempt to establish, why C-N bond) formation. results for 
this binuclear complex whereas the related mononuclear 


reactions proceed so frequently by C=S bond formation. 


(iii) A Plausible Mechanism for Condensation and 


Migration. In mononuclear lel isothiecyanate adducts; the 
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isothiocyanate molecule is generally coordinated to the 
metal in a side-on fashion through the C-S bond. ©°~/4 
However, it has been suggested®8 that the "active" 
intermediate in subsequent condensation reactions is the 
zwitterionic form, shown below for V, in which the ligand is 
ni= bound through carbon. Based on this postulated 


intermediate and on the relative stabilities of the 


contributing resonance forms VI and VII, the tendency for 


Ss. .- NR s NR S 
se N 
Me we | 


(V) (V1) (VII) 


these species to undergo condensation reactions at sulfur 
Gather than at nitrogen cam be rationalized, Structure: Vi 
should Less favourable than. Vil .owrng: to the S=-C 7 bond 
being weaker than that involving nitrogen and carbon, by 
virtue of poorer overlap between the carbon 2p and the 
Sulivn 3p oT 3C  ombitels.— “AS a consequences the -suliun atom 
should be more nucleophilic and should therefore he 
susceptible to electrophilic attack by another S=C=NR 
molecule with concomitant C-S bond formation. However, in 
binuclear systems in which the C-S moiety bridges the two 
metals, the binding Of the second metal to sulfur 


Significantly Influences ‘the relative tendencies of =the 
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sulfur and nitrogen atoms to function as nucleophiles. 
First, the resulting four-membered M-C-S-M metallcycle in 
the binuclear species is less strained than the three- 
membered M-C-S one in mononuclear compounds, tending to 
favour sulfur coordination and to reduce the importance of 
the nl bonding mode in the subsequent reactivity of the 
former. Furthermore, coordination to the second metal in 
this system, it seems, lowers the nucleophilicity of sulfur 
owing to the formal positive charge on this atom as is 
suggested by a consideration of the structure of the 
binuclear isothiocyanate complex 14. In this compound the 
short C(4)-S(1) bond suggests the importance of resonance 
Structures H and J with the resulting charge on sulfur, as 
is shown at the bottom of the scheme shown in Figure 4. 
Although the structure of the important first product (3) in 
the condensation reactions has not been determined 

ery stallographically, 1 Should closely weesenbie” that op 

14. “the major difterence sn» these Structures, iat least as 
far as the isothiocyanate ligand is concerned, should be due 
to replacement of the coordinated organic carbonyl group 
with the thiocarbonyl moiety 14 (see Figure 4). This should 
result in an increased importance of the structure analogous 
to J Lor (compound 3, owing tothe more Lavourabie “C=O. bond 
compared to C=S, and should therefore increase the 


nucileophilicity of nitrogen, by virtue of its formal 
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Figure 4. Scheme for the reaction of [Rh5Cl. (u-CO) (DPM) } 
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negative charge, leading to C-N bond formation (vide infra). 
In order for condensation with other heteroallene 
molecules €o OccUr, it appears that prior coordination of 
these groups to one of the metals is necessary; a similar 
conclusion was reached by Itoh and coworkers in their 
related mononuclear chemistry. 68 In solution, compound 3 
exists as isomers A and B in the scheme, of which only A has 
a vacant coordination site. However, heteroallene 
coordination at this site should lead to condensation via 
C-S bond formation, which is not observed; it seems that the 
reduced nucleophilicity of Si l)\does not allow, this 
conventional condensation mode to occur. Instead, for the 
observed product to be obtained, condensation of the second 
heteroallene at the other metal center must occur. Such a 
vacant coordination site does result if dissociation of the 
coordinated ethoxycarbony |) group, in Ay and B occurs tor give C 
and D, respectively. The concentrations of C and D in 
solution must be small since no infrared stretch 
corresponding to the free ethoxycarbonyl group is 
observed. Coordination of the second heteroallene (an 
isothiocyanate molecule in the example shown) at this vacant 
Site on either C or D weuld. lead to. structure E which then 
has an appropriate geometry for nucleophilic attack by 
nitrogen at the heteroallene carbon atom to give structure 


fo otha spr1oL. coordination or the seconds heteroalienc as 


ee 


bextat wvied 
| anand inertial, ghige dale soi 


; 

7 { 
Yo cotter thos cigiag) fas) anee iar 4 as 
to 


usi ied s ryanerbeda at -elases ong 12 
siq8% «wb aweltoves hea ast vt beitqnes ev no! ; ano2" 7 
£ byeekeas , aisles nH ae ie ‘upetouonnce pein tea _ 
66 A View Avtav So a awering) fey. me 6 Ene A ayonond en exbine e 
soulicnvel oa aw _ tes Pe jehisarhieos gn ae 
aly notiagnsiia favs eae wo dt hla, te aot sam it ny 
edi wade eotede sh WV SRA Nii 2! ear sorter) bacd oo 
apali «votiin Set esae (lie jo ysteeeeagoelsua beowbet 
 \hentend salieon o¢Csrom ‘Jideensheep Lenatdravace.° 
st) te gohSemwebass Gtonetseo.e ee sdutiey Bovrerdo. | 
fs eee a , wig ari ree PAP Cut ute ee suiltiéovsdia? 
nis 40 noise renal Ue seg aeob os .e ROL RAR IeRD sone 
y aya en Gaynor nr A re es ie iveotes carnrtte saxanibip02 os . 
ar.d.tne 2 Th site (ieses wee =AT SS dllémenes .d pea ) - 
er er ee eo ee 

4i aus. Lot@ietenois oot ond | seat yaiGnoges 
“bari: fo. 


> & 
‘je Tk a3 viet naenne@ ent? ie. apd f 


tnenc eeotd Fa. tote, bee il) ns «of UueeesS ¥ atin 
nets Avidew &@ weusouyaei ge Tael seek 1 
| a ee 
yd Bhagae 212 (qn OR gy wo? Yan 
elanryge avdy is ste | 


6) novidenuered im 


; a 


62 


necessary is suggested by the failure of species such as 
allene, carbon dioxide, phenylisocyanate and 
methylisocyanate to react with compound 3; these molecules 
would be expected to have a lower tendency to coordinate to 
Rh than do their sulfur-containing analogues. The next step 
in the scheme is the nucleophilic attack of the nitrogen of 
the second isothiocyanate molecule at the carbonyl carbon 
Occurs with “subsequent N-C™ bond formation (Structure (G)). 
The resulting four-membered 1,3 diazetidine ring will be 
highly strained, so it may be that in order to alleviate 
some of this strain the sulfur atom becomes detached from 
the metal as shown. Finally, by the electron reorganization 
shown, cleavage of the original C-N bond results ina 1,3- 
shiit of theffethoxycarbony) group toe give the final product 
14. 

The=strenucture of compound 14), which 1s also, as noted, 
an isothiocyanate adduct of compound 1, can be described by 
a combination Of the resonance structures shown for H;, 1 and 
Je AS such compound 14 also should’ be capable of additional 
isothiocyanate coordination and subsequent condensation. 
However, this is not the case;) no further =reaction Of 14> 1s 
observed. The reason for this dittierence in the chemistry 
Of ao and [4 is Again probably attributable tothe 
replacement of the coordinated organic carbonyl group in the 


former by the thiocarbonyl moiety in the latter. In 


LY 
od 7 
' - ae 
og down ee ite etl fa) ats at 
| ts gare Yona i hye diy! ' 
agiusveiom ewed! €€ Gateagaos #2 te a y atnriegao ebiv a 
enthyeca ay yohwlines sewot 6 owed i? basonqee! sl an wf 
; ¢ ait esepgetiont yario Pa abut ab ane log 
3 3th ett do @teffn alll Ag piser wt at aeeiow ofd 1 es 
ines jonnattew ot? GS Sfheaton steel asent bhoose ety 
po25s , be \ ee dined f= @menpsadoe Adiw eee - 
a dLiw ‘hide “ib é,! iecadweegos7 po lrivasy oft 
aber Gt ant <i yar 240 oe Shen kere Yldgie 
. be a es ee edd ninvia atay So See 
eoba oft: wd  eGi5GGS oS BE tases eds 
of Gepw iO ' bik > MTF wm ayevn ats rwors 
2 vi? @ a eT Loy @ity oe ote Oo 17106 
ver 
' Tae jeew (RE fuarepae Jo aprituvie pat 
- i 
gu “Wrepeast ai ve renga ote vole ovane as ried 
iene F sil WR aes ees ouRee YK nee ade i ree at ‘ons 
(guns 1 tboea To olaege 1 bikie oer 


(PTS PASH? BST segue van 7) serif 


at<@t sac aorrnne of igp9 on seie Ad 
: 


§ a n > ‘ er wr 
yn seinsda ad: ni wWABRT ID ai 4: 90% ne wiht 


aie | 
dl yiAeting O1m 


a 


i at wali 


mie 
wit at — isla 


» "es 


ae 


63 


compound 14 the most important single resonance structure is 
that of H, as evidenced by the short C(5)-N(1) and C(4)-S(1) 
bonds, whereas in compound 3 it appears that the structures 
Conresponding tO A and.B are most, important. As a result, 
the isothiocyanate nitrogen of compound 3 should be more 
nucleophilic than that of 14, and the tendency of the latter 
to undergo condensation reactions should consequently be 
Lower. But more importantly, the sulfur atom in 14 should 
be more tightly bound to Rh than the oxygen atom in 3 and, 
aSsWwaeresuit, snoavacantsesrte 1s avallable. Lom coordination wok 
the additional isothiocyanate molecule, and therefore no 
Subsequent reaction of 14 is observed. 

It is interesting that the benzoylisothiocyanate adduct 
4 does not undergo heteroallene condensation reactions as 
are observed for 3. Both compounds 3 and 4 should be 
Simi tar simitheilrybendencies to, dissociate the coordinated 
ethoxycarbonyl moiety generating the vacant coordination 
SubpewEesich —Asweilnestructures Ceond Obra gure. 4... SO. Doth 
species should have comparable abilities {to coordinate the 
second heteroallene molecule. The major difference between 
3. and 4 could well lie in the greater ability of the benzoyl 
group to delocalize electron density compared with the 
ethoxycarbonyl group. In compound 4 the structures 
analogous to C and D will have the negative charge on 


nitrogen effectively delocalized over the benzoyl moiety, 


aripeire ey 
aesvioite Bd, So eege ote he 
sjtiwvewr s &F rdnneapgat yao ova & tie 1) anode . 
ries, st HLUGda € bnungmas +0 wagon sit seaman aa 
asdul aey ae yoantiddpeitt Bae \ Ol to Aster abeict wht rye in| 
wud THhmpeador, *leaee Rdg) OS heer poesnepebsos aan $ 
sTuoté #6 ni «ote #eafue add .onetagget oan aug easwol 


nea P nt mwoee (OOO sits oot) oF oF trp phatots eon, oa 


} 
tb j\ Sancho A069 HLUAG.L TRAY i 44 HIGIEY ar ,fluzeg A 26 . 
MY weac faye!) HAs all ot. ya paint ? it yootdde@ed lane(it i664 , std mS 


reveteitic =, bh t Qatvoang INQUpewRUe 


paar 1 syankddded! dose er Bi* sp kseuahare ‘at 31 
7 
an 3 égnues doen wus are)! ied ceaeiviw 76n estt B 
St Dish .6 ek ecaneipyoo “£479 J 7os Bevaesda ers 


wenthyean ef? -t@hoaotebh af octane Sheds. ob pelielie Gee 

. 4 

MATRA ers Yee aim. ih eagay yiuies, (gn nts one 
be 

(ond AL ch eoume@ ie 1 tive & eerrPo owe tit 4a Agua adie. 


ens asniriiiae » op SULMg otc, 6 gads gaiem. tel aperin enigege 7 
Tarwiet anreiel! & sora ete (a) soade ane bowagser bnot vt 

liynanaen ani. J ‘,iee =aaeGcun ald 7) wil shea Phavon 5 
: dh 2tie Ubce (oop ya Tan ties 15 - —~ 

to Fane wey pvaleqeds ai ya ‘ 

tit mp AASa¥ yr Ts cool 

etal mean 


paar: 


Aid ie. 
man 


64 


whereas the ethoxycarbonyl group cannot delocalize the 
charge extensively because the carbonyl group is strongly 
conjugated with the lone-pair electrons on the ethoxy 
Group. “AS ™e result; the electron density on nitrogen and 
therefore its nucleophilicity is higher for the ethoxy- 
carbonylisothiocyanate adduct than for the benzoyl 
analogue. This lower nucleophilicity of the latter 
presumably is sufficient to inhibit the condensation 
reaction in compound 4. It is also possible that steric 
differences between the two isothiocyanate molecules play 
some part in the observed reactivity difference. 

The scheme shown in Figure 4, which shows the addition 
of isothiocyanates to compound 3, can apply equally well for 
CS5 addition. Therefore, compound 3 may react with CS2 to 
give [Rh5cC19(CO)(u-SCNC(S)SC(O)OEt)(DPM)2] (16) via an 
analogous mechanism as that shown. 

As noted earlier, this study represents the first clear 
example of a condensation reaction involving two 
isothiocyanate molecules which proceeds by C-N bond 
formation. “Although Ltom wand coworkers postulated such an 
intermediate in their mononuclear chemistry, 68 based on a 
very careful study, it appears that the additional data 
given here suggest that their reactions may proceed by C-S 
bond formation in the first condensation step, and certainly 


thase possibility cannot be ruled out. “Thus; the first step 


yxouse Be) eee v1 
rac negov lian, ne “Shere sey inate ond ‘<fikweoy * 
~iyxidae ail! 9a dedess. a6 er 
lyon? effa O48 ade iovhe wetomgnent ate 
Pe ISAT aia SOs Pada tq aloe Tee wee 9upo: Site 
Miiasnsron As Biases os co Whee et vtanmuasya 
: 


(4ase seuy oteieeayrmeia a: 71 o) Havraqers2 at sahrose 


, delaselo= SIRARY Oita? ON aay pares asomenoa i) 
.2g00TPTah Yravi hace © #13 a: 218g atte © 
{bad wld. eyada-Agagw # 620413 ar ete emaioe att ive i 
; ‘ow wi kevpeo VE %us: Be? i hein “ee asians yoditson! a0 
ag 948 Ashe’ Im i . gies , tamer ned 52650 se" : 
at ve (et) (Oem (ete) et 299eoe- ¢ TOO gL Bgl ovig 
adeugts acdsee na inarose sonpolets 
yoel> fend? “ds sonye=iTes me Je od wl lene Medeor eA a 
‘ed 4h fore’ ah ione: “o/ te@neines sae =l qnaxe 
hie W~*t rhewheeg Go: a ea luwe@ie aldneyoolr ai 
ne amuse Neogene AIS EOROD Raw ide nqgoodsia go boon 
he une) 8, ya peghene sesbountions atedg al weit : 
aR Laheg pseu sgn SeAleaz0 ~ 42 | sig Daas: ¥ 
a ge-hegansd e4 ll daha oreas tarp ; ’ @ eit 451 
ufniacies Une «o98 ood = Saas Javit = ie 2. 
qesa seut} ess euet if ot 


- 


65 


in the mononuclear chemistry probably involves C-S bond 
formation via the nl-SCNR intermediate noted earlier. Once 
the sulfur sendsof the isothiocyanate. molecule is "“tiéd tip” 
with the second molecule then subsequent condensation 

Beach Lons smMUSt sOCCcUureatenieregenmit they are to, occur. © In 
the mononuclear chemistry then, one observes condensation of 
benzoy Lisothiocyanate vat sultur towgive the 2:1 product. but 
NO, TuUrther \reaction soccurs «since the nitrogen, atom of the 
Original isothiocyanate molecule is not nucleophilic 

enough. With the ethoxycarbonylisothiocyanate molecule, the 
analogous 2:1 product reacts further with C-N bond formation 
SinceyEhe nitrogen, ob thisyiligand.1S Surkicienaly 
nucleophilic for condensation at this atom to occur. The 
difference between the binuclear chemistry described herein 
and the related mononuclear chemistry is that in the former 
a second metal center "ties up" the sulfur atom of the 
eoordinated isothiocyanate ligand so condensation, .i£ at is 
fOnoccur, must proceed through nitrogen) via C-N bond 
formation. Whether or not condensation at this nitrogen 
occurs £or both the binuclear and the mononuclear chemistry 
depends. ons the nucleophilicity of this nitrogen.» Thus, the 
imie binuclear 2sothiocyanatey complexes, arewanalegous, tomtie 
2:1 mononuclear ones of Itoh and coworkers and the 2:1 
ethoxycarbonylisothiocyanate product compares with their 3:1 
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Conclusions 


Organic isothiocyanates are shown in the study 
Hescrorped in’ this thesissto dusplay three distinct 
reactivity modes with the binuclear complex 
[Rh2Cl9(u-CO) (DPM) 2] depending on the nature of the 
isothiocyanate molecule itself. The first mode observed for 
the so-called! activated isothiocyanates EtOC(O)NCS and 
Phe(O)NES>* involves’ formation of 2:1 adducts in which the 
isothiocyanate ligand bridges the metal, bound by carbon to 
one and by sulfur to the other metal center. The 
ethoxycarbonylisothiocyanate adduct, in turn, reacts further 
with a variety of heteroallenes yielding unusual 
condensation products which have resulted from C-N bond 
formation by nucleophilic attack of the nitrogen atom of the 
coordinated EtOC(O)NCS ligand at carbon of the incoming 
heteroallene molecule. In addition, these condensation 
reactions are accompanied by a 1,3-shift of the 
ethoxycarbonyl’ moiety to ezther the nitrogen of the added 
1eothtocyanate molecule "or to one of the sulfur atoms” of (CS> 
if it is the added heteroallene. With the non-activated 
PhNCS and MeNCS molecules a third reactivity mode, yielding 
isocyanide ligands, is observed. 

Thisy studye1sS —Slgnaetecant anv several aspects." rltUis 


beteeved to be the first; in which all three types of 
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reaction products have been isolated and characterized for 
the same metal System; Im particular isolation of the 1:1 
ethoxycarbonylisothiocyanate adduct is an important 
development since it allows the preparation of a variety of 
heteroallene condensation products, which prove useful for 
delineating the reaction mechanism. This study is also the 
first in which the coupling of two isothiocyanate molecules 
by CaN, vather than by C—s, bond Lormation ls elearly 
established. A scheme is presented for these two metal- 
center induced coupling reactions which can be applied, with 
Slight modifications, to related mononuclear chemistry, and 
Isp thereLore attractive In that 12 outlines a) unitied 
approach to heteroallene coupling reactions. 

The presence of the second metal center in these 
reactions has a very Significant effect on the chemistry as 
compared with that displayed by the mononuclear analogues. 
Coordination of the heteroallene sulfur atom by the second 
Metal lowers ts nucleophiiicity with the result that 
Subsequent condensation reactions OCCUuE at nitrogen rather 
than at sultuym.,« [his moditivcation of reactivity by the 
second metal center has obvious relevance to organic 
synthesis. SO, Lor example, anethiis SuUGyethne synineses (OF 
a variety of new isothiocyanate molecules by the coupling of 
the ethoxycarbonylisothiocyanate molecule with other 
HeceLoollenes: Lollowedmby. the sl, 3-shittG on the 


ethoxycarbonyl group are observed. 


vent wevinuseel mn _ esiaied + wese 


» ) ‘ad eas 2 norauhiok ) Satin cag. rs 


Jnes2agnd Mee ni ste i» see 


» ybotvay \6 te om Ptagaqet¢ “ity owe ll 7 
int 4udoeu arti fhastw yRIVUEO th noi de Aevest 
¢ al ybort eidt .mesnainnm notte “a patzone . 
yt Lr foe. Wwe LA LmaAgeer Re, tt orb neuen pels esha nl av a 

(29nel ac wibiteainy feod .Q Wh neds sada 4 op -4 


= uss seid, BOR bedeahasy: wh onmdna A radetifeane | 


nares Wi, age 29 OF (salu pile: dai os a ali bos ubil = 


te .voseiwate senfeupoqe Geanles oO (06296023 thon tighie 


4 win fr Mh Seba ol evi Jeers 74 siolsseds &. 7 7 


spotieche YAliques saaltequedel.cs Areatgga — 


‘ ® _ iu 
ia af aaened letrem beower 375- Bo epannang nett = 7 
= a 
a 7 
m "4 fasla Bil Oo FO0TP>, Geperettipte Yrev, s man anos aes) 


mtinb toni useiadin nit a oyna lqaib tate die baaeee 

ple % Capen te -192ee cad te, apesseit 6 
es Oui stent mt i 3 = 

nAIey BhhC Hier Jé Das fe I ts « > Poe ne ono 

ety gt yalv donne ta mites =i : = o* salad i 7 ( 

rca 

eo AEG sys oatrt = ite 

ya! op 

‘div @ rete 


binAbIa | ego 


Wi \geiiques aus 
7 40 
a th 


a 


CHAPTER THREE 


THE OXIDATIVE ADDITION OF DIMETHYLTHIOCARBAMOYL CHLORIDE TO 


[RhgCl(u-CO)(Ph2PCH5PPh>)9). 


Ineroaquction 


Metallocarboxylic “acids, L,MC(O)OH, also known as 
hydroxycarbonyls, have been proposed as key intermediates in 
a variety of organometallic processes, including the 
homogenous catalysis of the Water Gas shift reaction, 138 the 
reactions of metal carbonyls with water to form the related 


139,140 


hydrides, the isotopic exchange of metal carbonyls 


141,142 


with water and the oxidation of CO by metal 


143-145 


VOnS However, only a few metallocarboxylic acid 


species have been isolated and characterized owing primarily 
to the ease with which they extrude CO eee in 
DaAvELemlan itt le ss kmownmeapout, the pondimogror the 
hnydeoxycalbonyl Eragnent in the presence (Of more) than one 
metal centre.!°* This information is important if the 
funetion of polynuclear metal complexes in the catalysis. of 
tne above reactions 1S ~to be understood. 


One approach to obtaining information about these 


elticive metallocarboxyl1cuactds: Involves the study -of emodel 
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Systems in which ligands that bear similarities to the 
hydroxycarbony! Ligand, but whieh are less liable: te 
decompose and therefore more amenable to study, are 
Substituted for the C(O)OH® moiety. These ligands cam be 
derived from the hydroxycarbonyl group by replacement of the 
carbonyl oxygen by sulfur and the OH group by an SR or NR? 
unit. The compounds so obtained obtained are quasi- 
isoelectronic to the related metallocarboxylic acid species, 
butyare generally much more stable, allowing, an indepth 
study of the chemistry of these systems to be carried out. 
One such model ligand for the C(QO)OH” fragment that has 
received some attention is the dimethylthiocarboxamido 
group, C(S)NMe,~. This group has been found to coordinate 
to metals in at least three different ways. First, in the 
presence Of a single metal center, 1t can be. bound solely 
through the carbon atom, analogous to ~he bonding mode 
Conmonly) Proposed LOT €(0)0H-,153-155 or through) the carbon= 
sulfur 7 system, forming @ three membered =M-C-S ‘chelate 
ring.193-173 In, the presence: of two metali=cenvers, the 
third bending mode, in which the carbon-sulfiur bond bridges 


the metals, is also possible. 153-155,175-177 
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Although the second!55,157,159-161,164-171 ang thiral/9-177 
bonding modes have been confirmed by single crystal X-ray 
Gritraction studies, no Such structural veritication has 
appeared of the first. 

A study of the chemistry of the SCNMe»~ group with a 
binuclear rhodium complex was therefore undertaken to study 
the possible coordination modes of this ligand in a 
binuclear system and in the hope that it would yield 
information of relevance to the related metallocarboxylic 
acid species. The results of this study are described in 


this “chapter. 
Experimental Details 


The general experimental conditions and techniques are 
given in Chapter Two. Dimethylthiocarbamoyl chloride, which 
Was srecrystallized trom Greehy) ether pulor to use, and 
sodium deuteroboride were purchased from Aldrich, and 


tetraethylammonium borohydride from Research 
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Organic/Inorganic Chemicals. All other reagents were, 
except where noted in Chapter Two, used as received. 
[RhoC1l5(u-CO) (DPM) 5) 41 (1) and Mencll2 were prepared by the 


reported procedures. 


Preparation of the Complexes 


(a) [Rh9C13(CO)(SCNMe2)(DPM)59] (2). Compound 1 (100 
mg, 0.093 mmol) and SC(C1l)NMeyg (25 mg, 0.202 mmol) were 
dissolved in 10 mL CH5Cly. The resulting dark brown 
solution was stirred at room temperature for 6 h with little 
solution color change. Addition of diethyl ether 
precipitated a brown-yellow solid, which after two 
recrystallizations from CH5Cl5/Et,0 gave 2¥as a bright 
yellow powder. The solid was filtered in air and washed 
With Et5,O. Yield 20%.. Spectral and conductivity details 
for 2 and other compounds prepared are summarized in Tables 
JE Setgveh Weeks 

(b) [RhyC15(CO) (SCNMe>)(DPM)2] [BF4]*nCH9Clog (3). 
Compound 1 (110 Gq, 90.932 "mmol and SG(C R)NMe je (025 G7 Zee 
mmol) were dissolved in, 25 mL>CH5Cl5, sufficient NaBPy to 
forma saturated Solutvon s(circa 250) mg) (was saddedmand the 
Suspension was stirred for 4 h, by which time the color had 
changed from dark brown to orange-red. The solution was 


filtered to remove NaCl and excess Nabiy, and diethyl ether 
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(20 mL) “added to the filtrate, precipitating a crystalline 
brown-red solid, which was isolated by filtering in air. 

The product was. washed with diethyl ether, dried in vacuo, 
and recrystallized from CH9C12/Et20- Yield 1.02 g, 85%. 

All samples were found to contain CH5C19 Of solvation, ‘the 
amount of which varied depending on the exact conditions of 
erystaliazatiron. Analysis.1!/8 Calculated for C54 65 H51.3 
BC13,3F4NOP4Rh2S (circa 0.65 CH9Cly Of solvation): C, 50.3; 
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(c) [RhoC12(u-SCNMe2) (DPM) 2] [BF4] *nCH2Cl2 (4). 
Compound 3 (100 mg, 0.077 mmol) and Me3nNO0+2H 20 (18 mg, 0.162 
mmol) were dissolved in 10 mL CH9Cl 9. The resulting orange- 
red solution was stirred at room temperature for 1 h by 
which time the color had changed to brown. The volume of 
the solvent was reduced to 2 mL and 10 mL of Et 29 slowly 
addeds "Filtering ‘the Solution in alr yielded a green—brown 
precipitate which was washed with 2-3 mL of 1:1 methanol 
diethyl ether to remove excess Me3NO, and then with diethyl 
ether. Recrystallization from CH2C1l2/Et20 gave analytically 
pure samples containing approximately 0.4 equivalents of 


CH5C19 OL solvation.1/78 


Analysis. Calculated for (C5334 
Hoo, gBC12,gF4NP4RhoS (n = 0.4): C, 51.12; H, 4.08; N, 1.12; 
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(d) [Rh2C1j(CNMe)(SCNMe,)(DPM)5[BF4] (5). A solution 
of 4 was prepared as described above from 3 (100 mg, 0.077 
mmol and Me3NO*2H20 (18 mg, 0.162 mmol) in 10 mL CH>Cl>. 
Addition of 10 wL MeNC (0.17 mmol) changed the color of the 
solution to orange. The solution was stirred for 30 min and 
the volume was reduced to 2 mL. Treatment of this solution 
with Et 20 precipitated an orange-brown solid which was 
GublLetered trom the, solution, in air and, washed with diethyl 


ether. Yared. e. 


fe) [Rh> (CO) (Solvent )\(i-SCNMe> )(DPM)5) [BF a). 
ia) voolvent, = THE (6a). | Compound 3° (100 mq, 02077 mmol) “and 
NaBHy (6 mg, 0.159 mmol) were suspended in 5 mL of THF and 
the reaction mixture stirred at room temperature. The 
solids dissolved slowly over a period of about two hours 
yielding a deep purple, very air sensitive solution of 6a. 
(ii) Solvent = CH3CN (6b). Compound 3 (100 mg, 0.077 mmol) 
and Et,N’BHy” (22, 5amgy, gO.55 mmol) sweremcrvesol ved in 95 (mi 
Of CH{CN.) A, Vigorous reaction immediately occurred with gas 
evolution yielding a deep red-to-purple colored solution of 
6b. Compound 6b was also very air sensitive so neither it 
nor 6a were isolated; their spectral parameters are given in 


Taples il and a2. 
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(£) [Rh2(CO)2(u-SCNMe2) (DPM)9] [BF4] (7). Method (i). 
A solution of compound 6a was prepared as outlined above. 
The dinitrogen atmosphere in the reaction vessel was 
replaced with CO causing an immediate lightening of the 
Solmtion ico] om toy wolet. weAddi tions Of 410) min of sdiethy. 
ether precipitated: a purplermicrocrystallines solid 7 which 
Wes) SUEfiCcientlyY eilr stables to, be- filtered in air. 
RecrysStallization from CH5C19/Et20 gave a purple product. 
Samples of 7 stored in air decomposed over a period of a few 
days to give an unidentified white solid. Samples stored 
under dinitrogen were stable for several weeks. The same 
reaction could be performed in ethanol, methanol, acetone, 
acetonitrile or methylene chloride (employing Et4N*BHq” as 
the reductant in the last two solvents). Method (ii). 
Compound 3 (100 mg, 0.077 mmol) and NaBHyg (8 mg, 0.212 mmol) 
were degassed in a 3-necked round bottom flask. The 
dinitrogen atmosphere was replaced with CO and 3 mL methanol 
was added. The solids dissolved and reacted to give a 
purple. solution. Cooling 3tos=10°C "qui ckilyopEeci pi taved a 
good yield of 7 as a crystalline, deep purple solid. 
Analy siss. “Caleulateds toe CorHraBraNO>PAaRhootas C, 54. 79;0u, 
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Reaction of [Rh C1 9(u-SCNMe2)(DPM)2]* with CO. 


A solution of 4 in CHjCl> was prepared as detailed 
above and purged with Ny, CO was briefly passed through the 


solution causing a color change from brown to orange-red. 
Comparison of the 3!p{1lyH} NMR Spectrum of the reaction 
mixture was that of an authentic sample of 3 indicated that 
3 was the product obtained. Confirmation was obtained from 
a consideration of the infrared spectrum of the solid 
obtained by treating the solution with diethyl ether and 


comparing this with the spectrum of the authentic sample. 
Preparation of 13c0 Labelled Samples. 


13co labelled Samples were prepared by employing 13¢co 


labelled compound 1 (for 3) and an atmosphere of 13co for 6. 


X-ray Data Collection. 


Suitable quality, amber single crystals of 3 were grown 
by slow diffusion of Et20 into a saturated CH2Clz solution 
of the complex. Preliminary film data showed that the 
crystals belonged to the monoclinic system, with systematic 
absences characteristic of the space group P2,/n (this non- 


standard setting of P2,/Cc was retained because of a more 
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cenvenient B angle (105.95° chk. 128.8°)).> Accurate cell 
parameters were obtained by a least-squares analysis of 12 
carefully centered reflections chosen from diverse regions 
of reciprocal space and obtained with use of a narrow X-ray 
source. Data were collected) on a Picker four-circie X-ray 
diffractometer equipped with a scintillation counter and a 
pulse height analyzer tuned to accept 90% of the CuKa 

peaks) 5ce Table 13 "tor pertinent: crystal, data and) the 


details of data collection. 


Structure Solution and RefEinement. 


The structure was solved in space group P24/n by using 
Standard Patterson, Fourier and full-matrix, least-squares 
techniques. All atoms, including the hydrogens, were 
ultimately located. Atomic Scattering factors for all atoms 
(hydrogent!4 and others!15) and anomalous dispersion 
terms}1® for Rh, Cl, S and Piwere taken ‘trom the usual 
sources. The carbon atoms of all phenyl groups were refined 
as rigid groups having Dé, symmetry, C-C distances of 1.392 
A and independent isotropic thermal parameters for each 
atom. The hydrogens were all input to the least-squares 
program as fixed contributions in their idealized positions 
using C-H distances of 0.95 A and assigning them thermal 


parameters of 1l Ae greater than the B’s (or equivalent 
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Summary of Crystal Data and Detalis of 


intensity Collection. 
ee 3S Se BET 2 ORS ®ve eth eet 1h Oe Dee 
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space group 


a, A 
b, B 
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29 limits, deg 

scan type 

26 scan rate, deg/min 


scan width, deg 


bkgd 


rflctns measd 
data used (Fé > 39(F%)) 
abs coeff vu, age 


crystal dimens, mm 


range in abs corr factors 


final no. of parameters refined 
error in obs of unit weight 
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isotropic B's) of their attached atom; these atoms were not 
refined. Absorption corrections were applied to the data by 
using Gaussian integration. 11? 

The BF,” anion was found to be severely disordered; 
although peaks could be located in the Fourier maps which 
were consistent with the known geometry of this group, 
Significant electron density was found in an essentially 
spherical distribution about the central peak. Attempts to 
fit this electron density as more than one disordered BF, 
molecule having fractional occupancies proved unsuccessful, 
S@poglysone full-occupancy By) was erefined. | ihe resulting 
thermal parameters of the atoms in this group are rather 
high and the B-F distances are less than ideal. However, 
this problem is not unusual for these pseudo-spherical 
anions and the final geometry, although distorted, clearly 
displays an almost tetrahedral arrangement of fluorine atoms 
about boron. The occupancy factors of the CH9Cly molecules 
WenesnbeLined; sthat of molecule) (C(7), Ci(3) sand Cci(4))) 
refined to almost 1708souwas. Eixed =as a f£Ul1 "occupancy in 
the final cycles, whereas that of molecule 2 ultimately 
Leminedsto0,c33. wnesthermal pacameters ormtnese Solvenu 
molecules were also large, suggesting some slight disorder 
Gf these groups. Near thevend of nefinement “the CH>Cl> and 
BFy, groups were removed, however subsequent difference 


Fourier maps reaffirmed their positions and showed the 
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smeared-out electron density associated with these groups, 
so they were reinserted and refined as previously. 

The final model with 345 parameters refined on 4122 
observations converged to R = 0.070 and R, = 0.081; 
undoubtedly the badly behaved CH5Cl5 and Bing groups hamper 
the final refinements. However, the complex cation is well- 
behaved. On a final difference Fourier map the top 20 
residuals (0.9 - 0.6 e A~3) were in the vicinities of the 
CioCl> molecules, the BE anion and the phenyl groups. A 
typical carbon atom on earlier maps had an electron density 
of circa 2.7 e Aq?3. 

The final positional and thermal parameters for the 
non-group and group atoms are given in Tables 14 and 15, 
respectively. The idealized positional and thermal 
parameters for the hydrogen atoms are given in Table 16. 
Selected bond lengths and angles are listed in Tables 17 and 
18, respectively. Least-squares planes calculations are 
recorded inv Lable 19s SAWS lvsting of the calculated and 


observed structure amplitude factors is available.1/18 


Description of "Structune. 


[RhyC1l9(CO) (SCNMe 9) (DPM) 9] [KF q] (3) crystallizes with 
circa 1.83 molecules of CH 5Cly per Formula unit in the 


crystals studied. In other samples which were crystallized 
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Derived Hydrogen Positions and Thermal 


Parameters for [Rh5C1, (CO) (SCNMe,) (DPM) 5] [BF,]° 


1.833CH,Cl,. 


e2 
y 2 B(A ) Atom x y z 
0-2796 00-4136 7-6 H(35) 0-6007 0-1158 -0-0154 
0.2586 0-331) 7-6 H(36) 0.4570 0-1507 0-0260 
0-303) 0-323) 7-6 H(42) 0-2428 0.2259 0-0787 
0-2998 0.3456 10-9 H(43) 0- 2686 0-2934 0-0406 
0.3147 0-2682 10-9 H(44) 0.4493 0°322) 0.0809 
0.2801 0-2504 10-9 H(45) 0-6042 0-283) 0-1593 
0-1382 0.0557 4-3 H(46) 0-5784 0-2156 0-1975 
0-1628 0.1064 4-3 H(52) 0-0617 0-0317 0.4820 
0-167) 0-4678 4.4 H(53) -0-1257 0-0235 0-4854 
0-1462 00-5586 4-4 H(54) -0:2476 0-0795 0-4604 
0.4433 0-1942 17-6 H(55) -0-1823 0.1437 0-4322 
0-439) 0-2942 17-6 H(56) 0-005) 0-1519 0-4288 
0-2729 0-3026 19-6 H(62) 0.3135 0-0258 0-4248 
0.2517 0-3942 19.6 H(63) 0.4134 -0-0242 0-5230 
0-1372 -0.0195 a's) H(64) 0.434) -0-0192 0.6787 
0:1237 -0-1238 6-0 H(65) 0-3549 0-0358 0-7362 
00-0664 -0-1054 4-6 H(66) 0-2550 0.0858 0-6380 
00-0226 0.0173 4-5 H(72) 0-5695 0-1180 0.5044 
0-036) 0-1216 4-4 H(73) 0-6994 0-0860 0-6250 
0.0248 0-2350 3-8 H(74) 0-6835 0-0932 0.7725 
0-0313 0O-1870 5-2 H(75) 0.5377 0.1324 0.7994 
0-0343 0-0382 5-1 H(76) 0-4078 0-1644 0-6788 
0-0188 -0-0626 6-2 H(82) 0-5363 0-2279 0-5735 
0-0/49 -0-0146 4-3 H(83) 0-5388 0.2959 0-6193 
0-1144 0- 2860 s}0'5 H(84) 0- 3692 03307 0-6048 
0-0795 0.2446 5-] H(85) 0.1971 0-2975 0-5445 
0-0802 0-0940 5-3 H(86) 0-1946 0.2295 0-4987 


o 
— 
> 
~— 


NOAIDNNNDNDL HP NHNPHPHPYDHNDWOWHLNANINNL LD 


~- 


. aa4-u =r vee Fs 
— ae > eta - 


sacggaes 2 feo: Lipo ie 
ines 


LAS e AME lic =e “Seay 4a4 
Seauare «~~ 


inesgae 


he 


~ ee an es 
w= = & a dp Oi a OD OS Ay Hy ARPS! ~ 


TPB LS lcd. 


(ii) 


[RhC1, (CO) (SCNMe.) (DPM) 5] [BF] -1.833CH 


Rh(1) - P(1) 
Rh(1) - P(3) 
Rh(1) - €1(1) 
Rh(1) - C(1) 
Rh(2) - P(2) 
Rh(2) - P(4) 
Rh(2) - C1(1) 
Rh(2) - €1(2) 
Rh(2) - S(1) 
Rh(2) - C(2) 
SC) ene (2) 
(2) - N(1) 
Nila (3) 
N(1) - C(4) 
ca) 00) 
P(1) - C(5) 
P(2) - C(5) 
P(3) - C(6) 


ie) 
Non-bonding Distances (A) 


Rh(1) - Rh(2) 


—>— Ft 


Selected Bond Lengths (A) in 


-333(5) P(4) - C(6) 

319(5) P(t ean C{a)) 
-395(4) P(1) - €(21) 
-74(2) P(2) - €(31) 
-368(5) P(2) - €(41) 
369(5) P(3) - €(51) 
-509(4) P(3) - C(61) 
-354(4) P(7) - €(71) 
407(5) P(4) - C(81) 
93(2) BV) e=36 (1) 

-69(2) B(1) - F(2) 

-32(2) B(1) - F(3) 

48 (3) B(1) - F(4) 

44(3) C(7) - €1(3) 
14(2) C(7) =. C114) 
-805(17) C(8) - C1(5) 
-853(16) C(8) - €1(6) 
-828(18) 

-207(2) Rh{1}) = S(1) 


2Cl>- 


-848(15) 
-823(9) 

-819(12) 
-818(12) 
-834(12) 
-821(13) 
-823(11) 
-836(11) 
-835(11) 


-249(5) 
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under somewhat different conditions the amount of CH5Cl5 
varied to as low as 0.4 per formula unit. One of the 
Solvent molecules in the present structure has full 
occupancy and the other somewhat less (0.833). Both solvent 
molecules have normal geometries. There are no unusual 
contacts involving either the solvent molecules, the complex 
cation or the BF,” anion. The BF, anion is severely 
disordered and as a result displays a geometry which is 
distorted from an idealized tetrahedron, with B-F distances 
ranging from 1.13(8) to 1.54(9) A (see Table 17) and F-B-F 
angles ereanguog secon 92 62)" =tor130(2)) ce (See. Tlapie 16.) 
Although the spread in these values is rather large, it is 
not unexpected considering the disorder and in spite of the 
distortions the mean values compare well with reported 
values.!/9 
The complex cation is shown in Figure 5. This cation 
consists of two rhodium centers bridged by two mutually 
trans DPM groups, with the Cl, CO and SCNMe, ligands bound 
in the equatorial plane which is approximately perpendicular 
to the Rh-P vectors. As suggested by the 3lp,1u} NMR 
Spectrum (vide intra), this» complex has two very different 
rhodium environments. Rh(1l) has an essentially square 
planar coordination in which the two phosphines are mutually 
trans cand the Garbony leqroup: 1s trans to (the bridging, chiore 


ligand, whereas Rh(2) has a distorted octahedral geometry in 
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FIGURE 5. Perspective view of the [Rh,Cl (CO) (SCNMe.) (DPM) ] 


2 2 
cation showing the numbering scheme. The numbering 
of the phenyl carbons starts at the’ carbon atom 
bound to phosphorus and increases sequentially 
around the ring. Twenty percent thermal ellipsoids 


are drawn, except for hydrogen atoms which are 


shown artificially small. 
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which two of the four equatorial sites are occupied by the 
bridging and terminal chloro ligands and two by the side-on 
bound SCNMey group. This cation represents a rare example 
of a binuclear rhodium species containing both 4- and 6- 


122,180 These metals can be 


coordinate metal centers. 
formally regarded as Rh(I) and Rh(III) with 16 and 18 
electron configurations, respectively. 

Most parameters within the complex are as expected for 
such a DPM=bridged species and in. particular those 
parameters involving the DPM ligands themselves are 
normal. As is often the case, the bridging methylene groups 
of the diphosphine ligands bend towards the more sterically 
encumbered Side of the complex (that having the SCNMe> 
group) to allow the phenyl groups to minimize unfavourable 
Gontacts with the relatively large SCNMe, group. The Rh=P 
distances fall within the range normally found for these 
complexes, but can be grouped into two pairs; those on Rh(1) 
(2.5195) 772.3335) &)) are siqnificancly shorter than those 
Omen) 2.3605). 225095) eo). —Presumablyathe slonger -Rh-—P 
distances result because of the more Severe Steric crowding 
about Rh(2). A Similar disparity in Rhn-P distances has been 
observed in [RhC1(CNMe ) 5 (u-CF3C2CF3) (DPM) ]* >2 and 
[RhjC13(u-H) (u-CO) (DPM) 9] ,>3 and again the larger values 


were associated with the more sterically encumbered Rh 


centers. 
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The chloro bridge is unsymmetrical, with the bond to 
Rh(1l) being significantly shorter (see Figure) 26) aan iis 
SHOmeer die tancen (Rn Uly=ClCiymen26s05 (4) 00) 1s) normal nd 
compares closely with that observed in 
[Rho (CO) 2(u-C1) (DPM) 2)*,181 in which the Cl ligand also 
bridges two metals which are not bonded to each Other. The 
unusually long Rh(2)-C1(1) distance (2.509(4) A) can be 
rationalized in terms of the high trans influence of CaG2 9) 
and Can “be contrasted with the above Rh(1)-C1(1) distance 
and with the normal, terminal Rh(2)-C1(2) distance (253.94 (64%) 
A) on the same metal. A similar variation in metal—chilonri ne 
bond lengths has been observed in other SCNMe92 
complexesl55,161,164 and also in another binuclear complex 
containing both 4- and 6-coordinate rhodium centers. 1/22 

The geometry of the n2-dimethylthiocarboxamido ligand 
compares well with other structurally characterized 
examples. 21 /,9-11,14-16, 20 This group is essentially planar 
with the largest deviation from the least-squares plane 
(OUI SA) being eron CC2)mesimilariveethe 
C2 JEN) CC 2) —S:. 01) -and Cxayen (1) =C( 2)=S Ol) torsion angles 
Of) =1/9(2)" and 3( 2)" jerespectively, contirm the near 
planarity of this Group. sethe rhodium—carbon bond length lot 
1.93(2) A is intermediate between those values previously 
reported for SCNMe 7 complexes of rhodium (1.90(2), 2.00(2) 


A),161,164 and the Rh(2)-S(1) distance (2.407(5) A), 
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although comparable to other metal-sulfur distances for 
these ligands (range 2.387(2)-2.469(4) A) is fractionally 
shorter than the two determinations involving rhodium 
(2.419(5), 2.432(5) A), 161,164 he angle subtended by this 
ligand at Rh(2) (44.3(6)°) is acute but represents a normal 
value for such a side-on bound group. 

Within the SCNMey ligand itself, the geometry is 
consistent with significant partial double bond character in 
tiers (1s) -C C2) sand CC 2)=Ni(l @bonds.. sinus,. tne. os (i) —C( 2) 
distance (1.69(2) A) is comparable to the C-S double bond in 


125 although it is longer than those in 


ethylene thiourea 
Gey] vances (cimcae i 55 A) author e (2) =Ni ledascance 
(12 32(2) eR) AS typicalefor a C-N bond having partial double 
bond character and is certainly much shorter than a normal 
G-Nesingile bond ot. about 1.47) R.125° Other SCNMey complexes 
have displayed rather similar values (S-C range, 1.61(1)- 
e601) he CN range, la28( 2) =, 32(3)7 fn These S=C and C=N 


distances indicate the importance of the two tautomers, 


shown below, in the structure of 3. The importance of the 
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first in the present structure is obvious from a 
consideration of the parameters around N(1); first the atoms 
about N(1) are planar and second C(3) and C(4) are eclipsed 
Withesrespect, to.S5(.1)) and Ril 2) eHad the Cl 2)=N (1) bond {been 
Single, a pyramidal geometry about N(1) and also a twisting 
Of che NMe5 group: about the C(2)=N(l) bond. to allow these 
methyl groups to avoid contacts with S(1) and C1(2) (see 
Figure, 6)" would be expected. Both the N(1)-C(U3)) and the 
N(1)-C(4) distances are normal for single bonds and are 
obviously isigqniticantly Jonger than that, of C(2)-N(1), which 
as noted, has multiple bond character. All angles within 
the SCNMe» ligand are essentially as one might expect based 
on the above description; the angles about N(1l) are all 
Glloseuto e) 20rsvand: themolel J=C.(2)-N Gl )\angile sls iie2) <i cis 
comparable to the values previously reported. 

Although the SCNMe moiety is clearly bound to only one 
Guethe metal centers, Ltm@ls in SuCchmar position, that movement 
tEQuthe mrrdging! site would grequire very little 
rearrangement; the non-bonded Rh(1)-S(1) distance is only 
3.249(5) A. The orientation of the SCNMez group with 
regards to Rh(l) is clearly shown an Pigure 6. This close 
non-bonded contact between Rh(1) and S(1) provides a 


2 


rationalization for the facile interconversion of the n“ and 


u forms of this ligand (vide infra). 
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Discussion of Results 


The majority of complexes containing the 
thiocarboxamido ligand (SCNR2) has been prepared either by 
displacement of C1> from SC(C1)NMey by a metal carbonyl 
anion!56,158 or by oxidative addition of molecules of the 
type SC(X)NMe, (x = ¢1153-155,158,162,163,168 
S5CNMe, 193,154,163 N(Ph)SNMe>), 163 CMe LoS ald roe a 
variety of metal centers. Other preparative routes, 
including sulfur abstraction from a dithiocarbamate 
ligand,166,167,169,171 alkylation of an n2-met hy 1- 
isothiocyanate ligand,1/0 attack of an amine on a 
thiocarbonyl unit!/2,173 and addition of SH7 to an 
isocyanide liganal/4 have also been used. In this work, the 
EOULe nvolving “oxidative addlelon or SC(C1)NMe> to a metal 
substrate, namely [RhoCl2(y-CO)(DPM)92], Ci) was Utilized, 
This reaction in CH9Cl> yields a brown solution 
whose 31p{1lH} NMR spectrum shows the presence of only one 
detectable, phosphorusscontaining compound) (2). Attempts to 
isolate 2 give at in only low yields “as avbright yellow 
powder. If however, NaBFy is added to the above reaction 
mixture a clear, red-orange solution, which has the 
same 3lp{1lH} NMR spectrum as that of 2 results (see Figure 
7), from which [Rh9C19(CO)(SCNMe2)(DPM)2)(BF4] (3) can be 


isolated in high yield. The 3lp,{lH} NMR spectra of 2 and 3, 
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Figure 7. Simulated and experimental enh NMR spectra 


of [Rh,C1. (CO) (SCNMe.) (DPM) .]* recorded at 
161.9 MHz. 


96 


hfe | 
ym: nae 


‘ 
7 


” 


oy 


shown in Figure 7, are consistent with two very different 
rhodium environments within the complexes, as was confirmed 
in the crystal structure of 3 {vide supra). A Simulation of 
the spectrum as an AA'BB'XY system is also shown in Figure 
1, ~The parameters; used for this simulation are 6(P,)' = 4.8, 
6(Py) = 16.7 ppm, and IRhy-Pa = lease ‘IRhy-Pp 


oy, = 300, =o, 


a an 45) 
Pa-Rhy_p,! Pp-Rhy_p,' Pa-C-Pp 
23.8 and cd = (2. INH zeae ile Other ‘couplings were set to 
zero. The spectrum is rather insensitive to changes in the 
values of eu eae and thus these parameters were 
arbitrarily set at the values given. The value of ese 
= Miles a) can be readily obtained from the experimental 
Spectrum, being the difference in frequency between the two 
smaller peaksof the !triplet*. Infact, the positions of 
these bands do not change as long as Wikesens + Wie ga, is 
held, constant 7; Variations sans the twe couplings lead’ only to 
alterations in the intensity of teh sidebands with respect 
EOnptLNewecent ra le peaks aby ausing 13co enriched COMpoUnG aye tt 
is possible to identify the low field 3lp resonance as the 
Che dues EC, they phosphonussnueleimiony tie: CO=contaiming end of 
thewmolecule (P( 1) and PGs) since athis tesonance!) 1s) further 
split into doublets with Jp_¢ = 13.5 Hz. The 13c{3lp{1H}} 
NMR spectrum of this 13co enriched Sampve [concisuse or sa 
doublet at 6 = 86705 ppm (Ue pec = 81.7 Hz), tyoicalmort a 


terminal carbonyl bound: to rhodium. “21182 
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It seems that on the NMR time scale compounds 2 and 3 
are essentially identical, yet there are significant 
differences in the two compounds. Compound 3 has a 


conductivity “consistent with tsi being a lslvelecterolyte 


Oe 


whereas that for 2 is much less than that expected for a 1:1 


electrolyte, suggesting some association of the Cl” anion 
with the complex cation. In addition, their infrared 
spectra differ in the carbonyl region. The carbonyl 
Stretches jon 93 "inthe sould: and jin’ CHCl) ‘solution are 


essentially identical (1999 and 2000 cml, respectively) 


suggesting the same structure in both phases. However, for 


2 the solid state infrared spectrum has v(CO) at 1971 cm) 


ana the solutvon Spectrum two) bands '— tal strong ‘one “at 1988 
cm7! and a shoulder at 2005 cm7!. These spectra suggest 
Giatesin the solad stater2 Nas the Cleranion coordinated’ to 
give [RhjC13(CO)(SCNMe2)(DPMN)9], as shown below. The 
Garbony stretch for this ispecies 1s, as expected, lower 
thane fon the cationic ispecies 3.7) in, thes solution Aantrared 
spectrum two species are seen which we suggest are aa 


ah 


equilibrium; the shoulder at 2005 cm“ presumably 


corresponds to the cationic species 3) (bute with Cli counter 


fon jeesince the positionson this bandsiswsimidanr to, that 


observed with the BF 4 anion, 
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and the major peak at 1988 em71 


appears to be due to the 
neutral species 2 or to something closely related to 2. It 
may be that in solution 2 exists not with the Cl” anion 
actually coordinated but as a close ion pair with the 
Cavionic complex; this would, explain the posieron of the 
1988 cm~! band between those observed for the cationic 
Species 3 and neutral species 2 (in the solid). 

Dissociation Of Cl from 2) probabiy occurs because of Steric 
crowding about Rh(2). When this occurs the chloro ligand on 
the other metal moves to the bridging position to give Rh(2) 
the 18 electron, pseudo-octahedral environment favoured for 
Ehodium in the LlP oxidation State. 

The neutral. species: 2, containing Rh(l)j/Rn (lily 
centers, is the expected product if oxidative addition 
occurs at one metal center. The possibility of oxidative 
addition at both metals to give a Rh(II)/Rh(1I1I) system can 


be rulea cut since the carbonyl stretchyin the solid) is more 
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consistent with a Rh(1) species (for example, it is very 
similar to the value of 1968 cm! observed for trans- 
TINE an ha 2 aotilintitin, <2 aayasetinicins 2 oy: 

In the infrared spectra of 2 and 3 the C-N stretches 
for the SCNMe, group (1615 and 1616 cml, respectively) are 
almost identical, suggesting similar bonding of these groups 


and botneare’-in "the region, typical for a n2 


-bound SCNMe, 
group (1570-1650 em71),155 Of course the X-ray structure 
determination unambiguously establishes this bonding mode 
for 3° (vide supra)! ~ ihe li NMR spectra “of 2 and 3 are» also 
identical, showing two methyl resonances at 2.05 and 2.84 
ppm, as is typically observed for an n@-SCNMe 5 group. }°° 
The two resonances indicate that rotation about the C-N bond 
is restricted, probably due’ to the multiplicity of this’ bond 
(vide supra) and possibly also because of steric 
interactions with the other ligands, particularly with the 
phenyl groups. 

te 1S.0f sinteresiy tomnotes that the: oxygen-contaiming 
ana Logue, 1OG(C i) NMe ny does not: react, with Mjieven maiter 
Getixang in Gor fon several tdays. 

Compound 3 reacts smoothly with Me3NO resulting in 
canbonyl—10ss, generating the A-frame species’ 4." The 


infrared spectrum of 4 not only confirms that CO-loss has 


occurred but ‘also indicates a change in the bonding 
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(4) 
mode of the SCNMe» group; the C-N stretch of this group 
drops to 1467 cem7l, a region typical of bridging SCNMe>, 
groups (1460-1520 em74),455 In the 14 NMR spectrum there is 
enliy one signal (integrating to 6 hydrogens) at 6 = 2.10 
ppm, implying rotation about the C-N bond making both 
methyls equivalent on the NMR time scale. This rotation is 
consistent with the observed drop in the C-N stretch. The 
3lp¢lu} nmr spectrum of 4 (see Figure 8) can be simulated as 
ameAA BB XY pattern, also Shown in the pwtigure.. The derived 


parameters are 6(P,) = 7.1, 65(Py) = 14.9 ppm, 


1 1 2 
J Sel04.0 ou 106 6,0 coe 
en Co Eve ab etee er 


2b 4 
S005 = 350), JD=C=P = 67.9 and Jp-p 


*Ip,,_Rhy-Pp MWe ny Sh ts vay 
With aliotner couplings W0NHz. As) formthne spectrum, of 
compound 3, little effect is observed when the URS ee 
values are altered. The value of [Aira teees cose can be 
obtained easily from the experimental spectrum, being the 


frequency difference between the outside lines of each 5- 


line multiplet. 
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Figure 8. Simulated and experimental arian NMR spectra 
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Compound 4 is structurally analogous to the acetylene- 
bridged species [Rh9C12(u-CF3C2CF3) (DPM)9);>2 both Ree 
terminal halide ligands, a bridging group and an 
accompanying Rh-Rh bond. This hexafluoro-2-butyne adduct 
reacts with CO to yield the unusual species 
[Rh5C19(u-CO) (u-CF3C2CF3)(DPM)5],°* in which CO has inserted 
into the Rh-Rh bond, and suggested the possibility that 4 
might react likewise. However, the reaction of 4 with CO 
dees Nor Give tne product of CO-Insertion into the Rh-Rh 
bond, [Rh5C1l(u-CO) (u-SCNMe) (DPM) 9] 7, as shown below, but 
instead regenerates 3, suggesting that CO attack occurs at 
the terminal site adjacent to the sulfur atom instead of at 


the bridging site. Attack at the other rhodium center to 


WHe 
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eee 
eo 
———— ear) —_————————— Rh 


Ae oSSg va al 


give an isomer of 3 in which CO is adjacent to the CNMe>y end 


of the SCNMe», ligand is presumably not favoured since the 


Merny Meagroups Dileck tars Coordination site. o1mplarly,;—4 
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reacts with methylisocyanide to give 

[RhoC15(CNMe) (SCNMe>) (DPM) 5] * (5), which is assumed to be 
structurally analogous to 3 but with a CNMe ligand replacing 
CO, ine 3lp_tyy and lH NMR spectra of S are Similar to 
those of 3 (apart from the additional methyl resonance in 
the 1H NMR of 5) and the infrared spectrum shows the C-N 
stretch of the terminal isocyanide at 2209 em7! and that of 


the SCNMe»y group at 1623 cm-l, showing that the Latter group 


2~bound to one metal center. 


SS ai) 
The facile interconversion between the chelating and 
bridged-bonding modes of the SCNMey ligand, although 
unusual, 15 not SUrprising, under the circumstances. A 
Consideration or the Structure of 3 indicates that tne 
sulfur atom in the chelate form is only 3.249(5) A away from 
the other kn center, Upon CO-=loss (from (3, 1t takes very 
little movement of the SCNMey group to give the bridging 
structure, which is needed to satisfy the otherwise electron 
deficient Rh(l). Similarly CO or CNMe attack at Rh(1) 
forces the SCNMey group out of the bridging site and back to 


2 mode as observed for 3. 


Ee ordi dee. AL an 
The reaction OL o wrt borohydride reducing agents jwas 

undertaken in order to determine whether reduction would 

occur preferentially at the metal centers or at the SCNMe> 


ligand; examples related to both have been observed. For 


example, reaction of a somewhat analogous compound, trans-— 


"e 


- 


ion 

sly 99 —— * pum 
el of barren ai ‘hakitw yt) ‘ig (AO gente te 

njaeigey beep it GAS atlvy. fet © a awe in " pee $2 

3. pe liatte, 2a’ Bot Aidszeqs The ut boro cute te oat. an 

aenaese {yftemyigaeigiens edi sii sr4aty) £ ao ra x 

4iij evade muggosge hotest i712 onde dine a om SMM rh wit; 


> 40% Sime 47a HSS 42 ebins one Lenka? we %® osetia 


~ 


mpi: tects ‘i? en’ giniweadt: ae €991 an muttep goite . aad 
sxroh Lave Sapp onvod=* a lak ~ 7 

Cae saber lan i} noewrad pore sd%rec Cadet etiive2 aT 
fis ines OWED) aM; of2 7 eu ogg’ nai~hegelad. 

rie 3H a3 be e44 raSr vu pniew gine IT a4 fescue 


smchrh & 20 BIN->oye te off Te Kot ge penance . 


; 7 
Avy awe 4 ‘Ge ao cer 3 i> SP wi ante wi fis 
vay aya ii .f ea) ron 37 »vatndn | el aide ety 
. 


7 
jighd-ae 3S evig os?) es ‘oS eht 26 Ieee vue wizail 
j P ae7 i 5 

vien'!s we) + if yfergee S* Swbhea ef cogrte erysouase. 


| can 
()08 26 Yons7e SU) abd Gieelinie .0)a% anghotteh | 
oe fol tne 9340 catghicd eat fe two qimay ganeine. wih Has _ 
& 78) Dev aria a6 aban By estink 3 “3 
are efnsim yh lauhe bkibyhoawl | ine ft ball | 
- WINOW fet faulen 345 tote: pane Pt et 
‘alta os 46.40 ate she 


—1ey'? t is wR, IF 
Sicleemdes 


105 


[RhogCl5(CO)5(DPM)5] with BH, has been reported to yield the 
unusual dimer, [Rhj(CO)9(DPM)9), a reactive species which 
displays a rich chemistry with small molecules and which is 
a catalyst precursor for hydrogenation, hydroformylation and 


Water Gas Shift chemistry. 184 


Although reduction of a 
chelating SCNMe> ligand has not, been reported, reduction of 
the- related SCSMe unit top give a thiocarbony) ligand is. a 


185 Im the reaction. of 3 with two 


known transformation. 
equivalents of Baga per dimer reduction occurs at the 
metals. This reaction occurs instantaneously at room 
BempecatLure min a Vanletysor solvents such as CHoCi5, 
acetone, MeOH, EtOH and acetonitrile but more slowly in 

THF. However, only in the latter two solvents are single 
DEOGUCES. reproducibly obtained; in all other, solvents) tyied, 
reactions repeated under seemingly identical conditions give 
Vise. to either diiferent products or sto, different. mixtures 
Of products. Surprisingly, no matter what. solvent 1s used 
or what the products are, subsequent reaction with CO always 
yields the same single product (vide infra). Only the 
reductions in THF and acetonitrile (yielding compounds 6a 
and 6b, respectively) have been studied in detail. All 
reduction products are extremely air sensitive and cannot be 
isolated as solids. Nevertheless, the infrared and NMR 
Spectra of the products in THF and acetonitrile solutions as 


well as a characterization of the subsequent product 
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obtained on reaction with CO allows us to propose structures 
for these species. The 31p,¢14} NMR spectra of 6a and 6b 
indicate the presence of only one species in each case. 
These spectra are very Similar to each other and also 
closely resemble the AA'BB'XY pattern obtained for compound 
4. Both 6a and 6b show a single carbonyl stretch at circa 
1955 cm! in solution; unfortunately no band attributable to 
the C-N stretch of the SCNMey group has been detected in 
either case. In most samples of 6b18© no hydride resonance 
could be detected in the ly NMR spectra, however, in some 
samples small amounts (< 5%) of two hydride species were 


SZ 


observed (vide infra). These NMR Spectra show two 


resonances for the methyl groups, which, although at higher 


Se) as 


field) than usually observed for complexes of SCNMe>, 
not unreasonable. These data suggest that compounds 6a and 
6b are not hydrides and based on the above information we 
propose the structures shown below. These structures are 
consistent with the observation that different products 
having a broad range in colors are obtained in the different 
solvents (green (EtOH, MeOH), red (acetone, CHjCl5), purple 
(acetonitrile, THF)). Furthermore, it is consistent that 
for such species the solvents which have the, greater 


coordinating ability yield products which are more stable 


and therefore more readily handled. 
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thesiinst step ane the reaction with BHA is probably 
the formation of the dihydride, 
[RhjHo (CO) (SCNMe)(DPM)5) [BF4], which then reductively 
eliminated H, to give compound 6 as the solvated species. 
Although two small hydride resonances were observed in 
the lH NMR spectra of some preparations of compound 6b, it 
is not clear whether either of these is due to the above 
dihydride. 

As noted earlier, the reaction of 6a, 6b, or any of the 


related reduction products in other solvents, with CO yields 


Se, So n 
| NMe_ | S Nae 
S=Cy =; 
ae rh Rn” ae 
AN Jin) ~ 14 
o 0 
Pee a 
(Gano eS (7) 
(Gb) SOVeS CH,CN 


the same single species which, based on its spectral 
parameters, its elemental analysis and its conductivity, has 
been identified as [Rh (CO) 5X1 -SCNMe5) (DPM) I BR A) G7m 

This species displays carbonyl Stretches) av 19887 and i948 
cm7!, which shift to 1942 and 1902 cm7! when the product is 
labelled with 13¢0, andwa ec Nest retch fOr athe soCNMeosqroup 


Fh an owl cml, suggesting the bridging mode for this group 
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(vide supra). The infrared spectrum of 7 does not change 
when NaBDg is used as the reductant instead of NaBHg, nor 
are any resonances observed in the lH NMR spectrum of the 
Bug) feduction product which can be attributed to a metal 
hydride species. The 3!p{1H} NMR spectrum is qualitatively 
very Similar to that of compound 4, suggesting a species of 
Similar geometry and when 13c0-labelled sample is used both 
sets of 3!P resonances are Sp late by Ton indicating that the 
two carbonyls are on different metals. Furthermore, 

the 13c{31lp{1H}} NMR spectrum, which consists of two 
doublotes6r- 9199.8 Gand al Wlecrppme tiny =p =_>5 60 anduyl.5 
Hz, respectively) with no 13¢-13¢ coupling, confirms thas 
conclusion. “Based on these data) and Lhe conductivity, which 
mancates: that 7 1s a islvelectrolyte, the structure (shown 
earlier is proposed. This structure is analogous to those 
of 6a and 6b in which CO has displaced the weakly 
coordinated solvent molecules. It is clear that whatever 
the unknown Species are im the reduchions of 3 in solvents 
other than THF and CH3CN, their reactions with CO convert 
these unstable species into the air-stable dicarbonyl, 7, 
probably again via displacement of the weakly coordinating 
solvent molecules. Unlike compound 4, which also has a 
bridging SCNMez group but which shows only one methyl 
resonance in the !H NMR, compound 7 displays two methyl 


resonances at 1.66 and 2.85 ppm indicating hindered rotation 
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about the C-N bond for the latter. This observation is 
consistent with the higher C-N stretching frequency observed 


for 7 (see text and Table i1). 


Conclusions 


the preparation of (Rh5Cil5(CO)(SCNMe>)(DPM)5)(BF4] (3) 
by the oxidative addition of SC(CL)NMe> to 
[RhoCl5(u-CO)(DPM)5] in the presence of NaBF, has been 
accomplished. Although the SCNMe»y group in compound 3 is 
Side-on bound through sulfur and carbon to only one metal 
Center, this Groups 1S Orrented such that the sulrursatom is 
close to the second metal suggesting that its 
interconversion between chelating and bridging coordination 
modes should be possible. Such facile interconversion has 
beem observed in two reactions. First, reversible canbonyi-— 
loss from compound 3 yields [Rh ,C1l5z(u-SCNMe>) (DPM) 9] [BFq] 
(4), and second, reduction of 3) by BH, “yields 
[Rho (CO) (w-SCNMe 9) (DPM) 9 (Solvent )] (BF4] (6); both species 4 
and 6 have bridging SCNMey groups. Another compound, 

[Rhy (CO) 2 (u-SCNMe9) (DPM) 9] [BF 4] (7), also having “a abridging 


SCNMey moiety, can be obtained from 6 by reaction with CO. 
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CHAPTER FOUR 


CONCLUSIONS 


As stated in Chapter One, the aims of the studies 
described in this thesis are two-fold: to study the 
chemistry of sulfur containing ligands in the presence of 
two metal centers in order to assess the effect of the 
second metal,” and to interpret the results in terms of their 
possible application to catalytic processes. The results of 
these studies suggest that both these objectives have, to a 
certain extent, been achieved. 

ine ehiece of two Metal Centers On Ehe “chemictry Of the 
ligands is best observed in the reactions of the activated 
isothiocyanates RE(O)NCSs (R =sPh, Eto)? with 
[RhgClo(u-CO)(DPM)2]. Initial insertion of the activated 
isothiocyanates into the metal-metal bond of this complex 
OCCursS: oO give [RhyCl2(u-SCNC(O)R) (DPM) aI], which contain the 
ligand in the previously unknown bridging coordination 
mode. The further reactions of the isothiocyanate ligand (R 
= EtO) with other heteroallenes to give condensation 
products proceed In avdiprerent manner to analogous 
mononuclear condensations. The reactive species in the 


mononuclear reactions appears to be an nt coordinated 
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isothiocyanate ligand, the sulfur atom of which possesses 
considerable nucleophilicity. The bridging isothiocyanate 
ligand does not require this type of reactive intermediate 
for condensation; the electronic distribution with ligand 
leads to the exocylic nitrogen having sufficient 
nucleophilicity for condensation reactions to occur. The 
conclusion to be drawn from this is that the reactivity of 
the isothiocyanate ligand is dependent on its coordination 
mode. The presence of a second metal therefore has 
importance in the transformations of this ligand. 

The oxidative addition of SC(C1)NMe5 to 
[RhpX159(u-CO) (DPM) 9] occurs, in contrast, at one metal 
centre, with a concomitant rearrangment of some of the 
ligands. The crystal structure of one of these products 
[RhyC15 (CO) (SCNMe2) (DPM) 2] [BFq] indicated, however, that the 
sulfur atom of the SCNMe9_ lagand ise aul temclose, EOutie 
other metal centre, suggesting that the bonding mode of the 
ligand could be converted to bridging. Such a Conversion 
was achieved in a number of reactions, most notably 
reversibly by the removal and addition of CO. 

The results of these studies can be interpreted in 
terms of application to catalytic processes. The altered 
reactivity of the isothiocyanate ligand when bridging two 
metals, compared to that of a chelating ligand, suggests 


that the reactivity of CO, could also depend on its 
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coordination mode. Thus, a COz molecule coordinated to two 
metals in a bridging fashion may well be able to undergo 
transformations different to those of a terminally bound 
ligand. 

The facile interconversion of the bonding modes of the 
SCNMey ligand suggests that a similar process could occur 
for a hydroxycarbonyl ligand; both terminal and bridging 
coordination modes of this latter ligand are known. 1247123 
The interconversion could serve to provide stability to an 
intermediate species, or could allow the expulsion of one 
frayment from the immediate environment of the ligand and 
the introduction of another. » Such "processes have been 


roposed?® for many reactions (involving similar fragments) 
prop Ms 


on metal’ "surfaces. 
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non-deuterated THF although both solvents were dried 
and degassed. Presumably small amounts of impurities 
in the deuterated solvent are responsible. 

The hydride resonance, which integrate as 
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